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1. INTRODUCTION 



1 ♦ 1 Purpose 

The purpose of this project/ which included tunnel instru- 
mentation, stress relief overcoring and continuous photographic 
recording of the geology at the springline of the tunnel, was 
to obtain data for design verification for the Park River 
Auxiliary Conduit and future design applications in other tun- 
nels and to monitor the performance of the tunnel during con- 
struction so that the safety of all personnel could be evalu- 
ated by the Corps of Engineers (COE) as work, progressed. 



1 . 2 Scope 

The scope of work performed by Geotechnical Engineers Inc. 
included the following: 



a. Preparation of a detailed proposal, including instrument 
locations, hardware, monitoring schedule, reporting 
format, geologic camera recording system and a rock 
stress 'measuring program. 

b. Numerous meetings and correspondence with Roger J. Au 

& Son, Inc. and the Corps of Engineers to finalize the 
instrumentation and geologic documentation program. 

c. Installation of six Casagrande-type piezometers and 
two PVC observation wells in the surficial materials 
above the tunnel. 

d. Monitoring of the 6 piezometers, the 2 observation 
wells and 13 observation wells previously installed 
by the COE for 35 months on a monthly basis. (Note: 
some of these wells were monitored more frequently 
during a 5*s-month period, but these data have not been 
made part of this report.) 

e. Installation and maintenance of 12 rock bolt load cells 
in the drill and blast section of the tunnel and moni- 
toring of these load cells for approximately one month 
during the advance of this section of the tunnel. 
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f . Installation and maintenance of 10 six-position 
multiple position borehole extensometers (MPBX's) from 
the ground surface above the centerline of the tunnel. 
The installation of the MPBX's included a check of the 
verticality of each borehole. The MPBX's were moni- 
tored for 2 to 20 months during construction. (The 
duration of monitoring was governed by their position 
along the tunnel route.) 

g. Installation and maintenance of a total of 36 embedded 
and 28 surface-mounted vibrating wire strain gages on 

9 test rings and monitoring of these gages for 1 to 9 
months during construction (depending on their position 
along the tunnel route) , 

h. Performance of 12 unconfined concrete modulus tests on 
concrete cylinders obtained during various liner pours. 

i. Installation and maintenance of a total of nine vibrat- 
ing wire piezometers through the tunnel lining at the 
nine test ring locations and monitoring of these piezo- 
meters for two to eight months during construction. 

j. Installation and maintenance of a total of 32 tape ex- 
tensometer monitoring points at various locations along 
the tunnel and the monitoring of the convergence and 
divergence of these points for 2 to 9 months during con- 
struction . 

k. Technical coordination of the drilling of two orthogonal 
boreholes in the tunnel wall at the drill and blast 
section, during which in-situ rock stress measurement 
was performed by means of the overcoring technique. 

1. Design, installation, operation and interpretation of 
an automated camera system mounted in the tunnel boring 
machine (TBM) which was used to continuously record the 
bedrock encountered at the tunnel springline through a 
2 ft x 3 ft opening in the shield. This work included 
the mapping and strip photographic recording of the geo- 
logy encountered in a portion of the drill and blast 
tunnel which served as a calibration during the inter- 
pretation of the production strip photography. 

m. Preparation of an Interim Report at the completion of 
the drill and blast section of the tunnel to provide an 
update of the instrumentation program and to solicit 
comments relative to the anticipated final report format. 
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n. Preparation and transmittal of 36 weekly reports 

during the tunnel advance, including the instrument 
data collected and a summary of the respective in- 
strument performance since the previous report. 

o. Alerting the proper personnel both in these reports 

and verbally whenever abnormal data trends were noted. 

p. Preparation of this final report. 

1. 3 Authorization 

This work was performed as required in specification sections 
13A and 13B and as modified by GEI submittals on The Geologic 
Mapping and Instrumentation Program dated December 23, 1977; 
April 12, 1978; May 4, 1978; and August 21, 1978. This work was 
performed under Roger J. Au & Son, Inc. Contract DACW33-77-C-0099 , 
dated December 12, 1977 and signed by Mr. Roger C. Au. 
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2. EXECUTIVE SUMMARY 

The following is a brief summary of the observations and 
conclusions which are presented in this final report. 

2.1 Instrumentation Program 

Rock Movements 

- The rock movements measured above the tunnel crown 

at the 10 test sections were relatively small, gener- 
ally ranging between 0.0 3 in. to 0.26 in. within 2.0 
to 3.7 ft of the crown. The largest movement recorded 
was 0.62 in. The larger rock movements were observed 
to occur in fault zones. 

- Most of the measured rock movement occurred as the 
tunnel heading advanced through a zone 50 ft past 
the measuring instrument, with practically all of the 
measured movement taking place after the heading had 
progressed 10 0 ft past the respective instruments. 

- The rock movement decreased upward from the crown of 
the tunnel . 

Structural Liner Response 

- Relatively small strains were generally measured in 
the nine instrumented liner rings during the tunnel 
advance. Eighty-four percent of the strain gages in- 
dicated strains less than 200ye. 

- The strain and resulting load distribution in the in- 
strumented liner rings were not uniform, with the 
largest strains {some exceeding 500ye) generally mea- 
sured in the crown segment. 

- There was a general trend in all of the instrumented 
rings of increasing compressive strain or decreasing 
tensile strain with time. This indicates that a time- 
dependent load redistribution was occurring in the 
rings . 
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Groundwater Response 

- There were two distinct hydrologic regions through 
which the tunnel was constructed: the eastern end 

of the project appeared to be significantly influenced 
by the Connecticut River while the region to the west 
was not. 

- Piezometric drawdowns of 100 to 130 ft were measured 
in the bedrock at the tunnel elevation during con- 
struction. Piezometric drawdowns of 20 to 25 ft 
were measured in the overlying glacial till during 
the advance of the tunnel. 

- Drawdown of the piezometric levels in the bedrock and 
glacial till generally began 300 to 500 ft ahead of 
the tunnel heading. 

Instrument Performance 

- Whenever possible, instrumentation should be installed 
well in advance of the construction to be monitored. 

- Vibrating wire measurement systems performed very well 
in the adverse tunnel environment, while electrical 
resistance systems were less satisfactory. 

- Tunnel chord and diameter measurements were very diffi- 
cult, if not impossible, to obtain in a timely manner 
on this project due to interference with the tunnel 
excavation equipment. 

2 . 2 Overcoring Stress Measurements 

- The rock stresses measured during the overcoring program 
from within the drill and blast tunnel were lower than 
those obtained during a prior program conducted from the 
ground surface. This may be due in part to: measure- 
ments made less than one diameter from the tunnel, the 
effects of different jointing systems, or the effects of 
blasting. 

2 . 3 Photographic Geologic Documentation 

- Automated photographic documentation is better suited 
in identifying structural characteristics of bedrock 
rather than identifying lithological units. 
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- Apparent dip angles of joints, joint sets, fractures 
and faults can be estimated. 

- Any protective device (door) should be designed to, or 
be constructed of materials which would permit photo- 
graphs to be taken even when in place . 

- Stationing systems should be designed into shutter 
actuating mechanics. 

- The use of photographic documentation to record geologic 
features encountered during advancement of machine-bored 
tunnels is feasible but requires additional research and 
modification of existing systems. 
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3 . PROJECT DESCRIPTION 



3 . 1 General 

The Park River Auxiliary Conduit Project consists of the 
construction of a 22-ft I.D. inverted siphon-shaped rock tunnel 
and adjacent shafts below the City of Hartford, CT (see Fig. 1) . 
This tunnel is designed to take the overflow flood waters from 
the Park River and divert them to the Connecticut River. The 
tunnel is approximately 9,100 ft long and passes 160 to 200 ft 
below the city . 

3 . 2 Construction Operation 

The tunnel was advanced upgrade from the outlet shaft adja- 
cent to the Connecticut River (see Fig. 2) . Upon completion of 
the outlet shaft, approximately the first 2 35 ft of the tunnel 
was advanced using drill and blast excavation techniques to form 
a U-shaped chamber approximately 26 ft x 26 ft. A 120-ft-long 
tail tunnel 9-ft-wide by 13-ft-high was also excavated by drill 
and blast methods. The roof of the tunnel in the drill and blast 
sections of the project were supported with 10-ft-long fully en- 
capsulated resin rock bolts installed on approximately 4 to 5 ft 
centers . 

After completion of the drill and blast sections, the tunnel 
boring machine (TBM) was assembled in the excavated chamber and 
the tunnel advance using the TBM was begun. The TBM was a fully 
shielded, rotary hard-rock machine manufactured by the Robbins 
Company, Seattle, Washington, which cut a 24 ft, 3 in. diameter 
bore. The temporary support and final lining are provided by 
four-segment precast concrete liner rings which were erected in 
the tail shield of the TBM approximately 35 to 4 0 ft behind the 
cutter face. Each of the four segments is 9-in. -thick and about 
6-ft-wide and a completed ring provides a finished inside diameter 
of 22 ft. The annular space between the excavated rock surface 
and outside surface of the liner was filled with 1/2-in .-diameter 
peastone generally two to three rings behind the last ring in- 
stalled. Cement grouting of the peastone was generally accomp- 
lished from an independent grout gantry about 200 to 500 ft behind 
the last installed ring. 

All excavated tunnel muck was transported from the tunnel head- 
ing to the outlet shaft by train where it was removed by crane. 
All infiltrated water was collected at a sump at the outlet shaft 
and was pumped from the tunnel. 
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3. 3 Geology 

The City of Hartford, including the project site, is 
located in the Connecticut Valley which is a broad lowland 
basin underlain by Triassic age rock generally consisting of 
shale, sandstone and conglomerates and including sills and dikes 
of basalt. The beds generally dip to the east at 15° to 20°. 
Numerous fault blocks are found in the region mainly in and 
around the igneous rock bodies . The bedrock in the region has 
been covered by glacial till and later glacial lake deposits of 
stratified sands and varved clays and silts. 

The tunnel was constructed on an east-west alignment, 
essentially normal to the strike of the dipping sedimentary 
beds. The dominant rock is a reddish brown shale and/or silt- 
stone which is thin bedded, calcareous, moderately hard, and 
usually fresh or moderately weathered. Gray-black shale was 
also encountered which was similar in physical properties to 
the red shale. The bedding strikes approximately north-south 
and generally dips 10° to 20° to the east. The primary jointing 
occurs along these beds. Frequently, beds of hard, red to 
whitish sandstone occur within the shales. The thickness of 
the sandstone layers ranges from less than 1 in. to greater than 
4 ft. Basalt dikes intrude these sedimentary rocks at various 
locations. The basalt is hard and contains frequent hairline 
fractures . 

Minor faulting was encountered along most of the tunnel 
route. However, a major fault zone was encountered between Sta 
94+50 and 96+50 consisting of anomalously high bedding angles, 
severe brecciation and fracturing and an approximately 6 5-ft- 
wide zone of a plastic mixture of sand, silt and clay with some 
rock fragments and no apparent rock structure. 

Overlying the bedrock for the entire tunnel route is a dense 
glacial till varying in thickness from 5 to 35 ft. Glacial lake 
deposits of varved clay and silt are found over the glacial till 
deposits especially at the western and eastern ends of the project 
where the thicknesses at each shaft are 40 to 45 ft. These de- 
posits are lightly to moderately overconsolidated and compressible. 
Overlying the glacial lake deposits and/or glacial till are areas 
of miscellaneous fill and granular floodplain deposits generally 
consisting of fine sand. The maximum thickness of the floodplain 
deposits is approximately 40 ft near the outlet shaft. 
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Groundwater levels measured prior to construction of the 
tunnel indicate that the piezometric level in the bedrock is 
normally 155 to 190 ft above the invert of the tunnel. 

Refer to Pig. 2 for a simplified profile of the geology 
along the tunnel route which is based on the exploratory borings 
performed by the Corps of Engineers during the design of the 
project. 
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4. INSTRUMENTATION PROGRAM 

4 . 1 General 

The tunnel instrumentation program was designed to provide 
the tunnel designers and the contractor with performance infor- 
mation relative to the ground-structure interaction of the tunnel 
in order to evaluate design assumptions and safety of the con- 
struction and to provide meaningful data for future designers. 
With these purposes in mind, a monitoring program was mutually 
developed by GEI, COE and Roger J. Au & Son to measure rock 
movement and water pressure information at selected locations 
along the tunnel route together with structural liner performance 
data of strain and diametrical deformations at the same locations. 
In all, ten test sections were chosen, one in the drill and blast 
section and nine in the TBM driven, precast-concrete-lined section. 

Test Section #1 in the drill and blast portion of the tunnel 
consisted of a six-anchor MPBX installed over the crown of the 
tunnel from the ground surface and twelve rock bolt load cells in- 
stalled on selected roof bolts in the immediate vicinity of the 
MPBX. The remaining nine test sections in the TBM portion of the 
project each consisted of a six-anchor MPBX installed over the 
crown of the tunnel from the ground surface. The four-segment 
precast-concrete-liner ring directly below each MPBX was instru- 
mented with four embedded vibrating wire strain gages (one in each 
segment) and three surface-mounted vibrating wire strain gages 
(on the crown and two side segments) . In addition, tape extenso- 
meter reference points were also located on each strain gaged ring 
to measure possible length changes in various chord distances for 
the ring. A vibrating wire piezometer was also installed into the 
adjacent bedrock through the precast concrete liner to monitor the 
hydrostatic pressure on each test ring. Refer to Table 1 for a 
summary of the instrumentation test sections for this project and 
Fig. 2 for the location of these test sections. 

4 . 2 Selection of Hardware 

It has generally been observed in other rock tunnel projects 
that a major portion of the rock movement over the crown of the 
tunnel occurs during the time the tunnel heading is advancing to 
about two tunnel diameters past the measurement point. Since the 
TBM used for this project was about 4 0 ft long and fully shielded, 
it was not possible to gain access to the tunnel crown until the 
heading had progressed at least two tunnel diameters past the in- 
tended measuring point. In addition, the installation of an MPBX 
from within the tunnel would have delayed the TBM progress during 
the instrument installation. Therefore, it was decided that the 
MPBX's would be installed from the ground surface in advance of the 
tunnel heading. 



-11- 



In consideration of the adverse environment existing in a 
tunnel for delicate electronic equipment, vibrating wire strain 
gages were selected due to their comparatively robust nature, 
relative ease of installation and repair, and good performance in 
dirty, wet environments. Vibrating wire piezometers were also 
selected at each test ring to provide a system compatible with 
the strain gages and allow for ease of monitoring as only one 
type of readout device was required. 



4.3 Selection of Test Section Locations 



The location of the instrumented test sections was based on 
one or more of the following considerations: to provide a com- 
parison between different tunneling methods in similar geology, 
to provide a comparison of the tunnel performance in different 
geologic structures and lithology, to monitor the rock movements 
and structural performance of the tunnel in areas of key build- 
ings located over the tunnel at the ground surface, and to pro- 
vide access at the ground surface for the MPBX's. 

The following table briefly provides the rationale for 
locating the ten test sections at each specific location: 

Test Section Station Location Rationale 



1 8+20 Drill/Blast - to compare behavior 

of similar rock when excavated 
by drill/blast vs TBM 

2 11+32 TBM - to compare behavior of 

similar rock when excavated by 
drill/blast vs TBM. 

3 15+25 Tunnel partly in sandstone, 

partly in shale 

4 24+0 0 Church of the Good Shepard nearby 

5 27+00 Church of the Good Shepard nearby 

6 43+50 St. Peter's Church nearby. 

7 58+55 Dip Reversal - Fault Zone 

8 61+19 Interbedded shale/sandstone. Dip 2 

9 91+00 Transition Zone - Possible Fault 

10 95+54 Interbedded shale/sandstone. Dip 5 

Fault Zone 
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4 . 4 Installation and Data Collection Procedures 

4.4.1 Multiple Position Borehole Extensometers (MPBX) 

The multiple point borehole extensometers used for 
this project were Model E10G untensioned rod ex- 
tensometers manufactured by IRAD/GAGE, Lebanon, NH. 
Each of the six 1/8-in . -diameter stainless steel 
rods is jacketed in a lubricant-filled, 1/4-in.- 
diameter. Schedule 40 PVC hollow tube. An 8- in. -long, 
#6 reinforcing bar anchor is attached at the lowermost 
end of each rod. The installation included installing 
NW flush-joint casing through the overburden to bed- 
rock, coring an NX hole to the desired depth in bed- 
rock, installing the instrument hardware down the 
borehole, tremie-grouting the borehole to the ground 
surface and attaching the instrument reference head 
to the NW casing which was left in place. Odd-numbered 
Figs. 3 through 21 show the locations of the six grouted 
anchors for each instrument. Prior to installing the 
instrument hardware down the borehole, a vertical ity 
survey of each boring was made using inclinometer 
techniques. The vertical alignment of the borehole 
for each MPBX is shown on even-numbered Figs. 4 through 
22. 

Photograph 1 shows the assembled MPBX and grout tube 
prior to bundling of the rods and installation. Photo- 
graph 2 is of the reference head in the protective man- 
hole prior to the installation of the brass reference 
plate. Note the six anchor rod reference tips. 

Measurements of the depth to the top of each stainless 
steel rod relative to the brass reference plate in the 
instrument head were made using a digital depth micro- 
meter, with a resolution of 0.001 inch. Nine of the 
MPBX's were monitored on a daily basis when the tunnel 
heading was in a position of 100 ft before to 150 ft 
past the instrument location. Readings were then de- 
creased to twice weekly or weekly for approximately 
the next four weeks, after which they were decreased to 
about monthly until the end of the tunnel advance. The 
brass reference plate was optically surveyed periodically 
using standard surveying equipment, with a resolution of 
0.01 ft and estimates made to the nearest 0.001 ft. 
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The installation of MPBX-8, i.e., grouting of the 
anchors, was completed on March 25, 1980 after the 
tunnel heading had progressed approximately 75 ft 
past the instrument location at Sta 61+19. This 
installation was delayed because the original loca- 
tion had to be moved closer to Park Street due to 
inaccessibility of the drill rig. Therefore, it was 
not possible to obtain initial readings of the anchor 
positions prior to the tunnel heading approaching to 
within 100 ft of the instrument, nor was it possible 
to monitor the rock movement above the tunnel as the 
heading passed beneath the MPBX. 

4.4.2 Rock Bolt Load Cells 

The rock bolt load cells used during this program 
were Model PC-60, 60-ton capacity, full bridge, hollow 
center cells, manufactured by Terrametrics , Golden, CO. 
The cells were supplied with 30 ft of armored cable 
and were read using the Terrametrics P-350A readout 
which is a modified version of the Vishay P-350 null 
indicator strain gage readout box. The cells were 
conditioned to the tunnel environment for at least 
five hours prior to obtaining a no-load reading and 
installation on the rock bolts. The instrumented 
rock bolts were 10-ft-long steel reinforcing rods, 
which were installed with a resin grouted length of 
approximately 2 ft, allowing for about 8 ft of free 
anchor length. Steel bearing plates were placed on 
both sides of the load cells and wedges were used 
between the plate and the rock to make the load ap- 
plied to the cells as uniform as possible. The lock 
nut for each instrumented bolt was snugged up to the 
lock-off load to complete the installation. See 
Photographs 3 and 4 for examples of typical load cell 
installations. Figs. B-l through B-6 in Appendix B 
show the approximate load cell locations relative to 
the tunnel cross section. 

The load cells were installed on the rock bolts 
approximately 20 to 30 ft behind the heading. This 
installation schedule was mutually agreed on by GEI, 
Roger J. Au & Son and the U. S. Army Corps of Engineers 
to limit the damage that might be experienced by the 
load cells during blasting. 
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Th e load cells were monitored on an approximate 
daily basis when the tunnel heading was within 100 ft 
of each cell. The readings were then decreased to 
approximately three times a week until the cells were 
removed. The temperature in the tunnel at the loca- 
tion of the load cell installation was also recorded 
'for every reading of the cells. 

4.4.3 Embedded Strain Gages - Casting Yard 

The embedded strain gages used were the Model EM-5 
vibrating wire type manufactured by IRAD/GAGE Inc., 
Lebanon, NH. There are three basic components of the 
gage: (1) vibrating wire, (2) cover tube and flanges, 
and (3) plucking coil and readout cable. The wire is 
clamped to the flanges at each end of the cover tube. 
The flanges are free to move along the axis of the 
wire and provide a means of fastening the gage to the 
rebar. The plucking coil and readout cable are fixed 
to the cover tube by the manufacturer and provide remote 
readout capability. 

The embedded strain gages were installed in the precast 
liner segments at the San-Vel Co. casting yard in 
Littleton, MA. The gages were suspended on the rebar 
cage using 24-gage steel wire (see Photo 5) . The steel 
wire was arranged such that the gage would not be allowed 
to move during casting. The gage cover tube was lightly 
greased prior to casting of the segment to prevent con- 
crete from adhering to it. The flanges were not greased 
so a bond could develop between concrete and vibrating 
wire. The readout cable was attached to the rebar using 
cable clamps and excess cable was temporarily placed in a 
steel handy box which was attached to the rebar and cast 
into the segment (see Photo 5) . Readings were obtained 
on all gages prior to sealing the handy box. 

Embedded gages were generally located as close to the 
center of segment as possible, midway between the inner 
and outer circumferential rebar (see Table 2) . The 
gages were situated to measure strains approaching the 
free field concrete condition between the rebar. Any 
inconsistencies in the circumferential locus of the gages 
was largely due to small variations in the spacing of 
the longitudinal rebars. 
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Casting of the instrumented segments was done on two 
separate days. Following the placement of the rebar 
cage in the steel forms, the steel wire suspending the 
gage had to be tightened due to yielding of the wire 
during handling of the semi-stable rebar cage. Once 
the gages were again firmly fixed to the rebar, kiel 
marks were made on the inside of the forms indicating 
the location of gage and handy box. When the segments 
were removed from the forms after casting, the kiel 
marks were visible on the concrete surface and the ex- 
cess concrete was chipped away from the handy box 
covers. After opening the handy boxes following the 
first cast, it was recognized that a small portion of 
concrete had intruded within the box, making wire 
removal difficult. Prior to the second cast, the handy 
boxes were more thoroughly sealed which prevented con- 
crete intrusion. 

Instrumented segments were stored at the San-Vel Storage 
Yard and periodic strain measurements were made during 
curing. Locations of the embedded gages were also 
painted on the surface of the segment providing a more 
durable reference than the kiel mark. 

Concrete test cylinders with a length and diameter of 
8 and 4 inches, respectively, were made from the con- 
crete batches used for the instrumented ring pours. 
These cylinders were cured under environmental condi- 
tions similar to those experienced by the liner seg- 
ments. These cylinders were later tested by the H. G. 
Protze Co., Newton Highlands, MA to determine repre- 
sentative concrete moduli for the various segments. 
This testing is discussed in more detail in Section 
4.5.4 of this report. 

The final wiring of the embedded gages to the terminal 
boxes and the monitoring schedule which was followed is 
discussed in Section 4.4.4. 

4.4.4 Surface-Mounted Strain Gages 

The surface-mounted strain gages used were the Model 
SM-5A vibrating wire type manufactured by IRAD/GAGE, 
Inc. , Lebanon, NH. There are three basic components 
to the gage: the vibrating wire, plucking coil, and 
two weldable end blocks for mounting. The strain gage 
consists of a wire clamped at both ends protected by 
5/16-in. stainless steel cover tube with one end free 
to move along the axis of the wire. The plucking coil 
which excites the wire and measures its natural period 
can be wired to a. terminal box for remote readout. 
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Th e end blocks were welded onto 6-in.-long #6 re- 
bars. To ensure proper spacing and orientation of 
the end blocks during installation, an aluminum 
alignment bar was inserted into the end blocks and 
secured by the set screws forming the mount assembly. 
Two 1-in. -diameter holes were drilled 6-in.-deep in- 
to the precast concrete lining at each gage location. 
The holes were wetted and partially filled with a 
mortar cement mix with Sika #2 added as a hardening 
agent. The mount assembly was then inserted into 
the holes so that the centerline of the alignment bar 
was approximately 1/2 in. from the inside surface of 
the precast lining. Enough mortar was placed in each 
hole such that at full insertion a small portion of 
mortar would be extruded out of the hole to ensure 
full contact around the rebar. 

The cement mortar was allowed to cure for approximately 
24 hours to ensure hardening of the mortar prior to 
removing the aluminum alignment bar. The strain gage 
was then inserted into the mounts and secured by the 
set screw at one end. A plucking coil was attached to 
the gage and a spring loaded tensioning device was 
used to set the initial reading at midrange (approxi- 
mately 68 00 display units) . When the display was at 
midrange, the set screw at the opposite end of the 
gage was tightened and the display recorded. See 
Photo 6 for an example of a typical surface strain 
gage installation during adjustment. 

Surface-mounted strain gages were generally located at 
the tunnel springline and tunnel crown adjacent to the 
embedded gages (see Table 2 and Fig. T-l) . Surface 
gages were located at the same locus circumferentially 
but approximately one foot ahead of the embedded gages 
to avoid damaging the embedded gage during installation. 
Any inconsistencies in the circumferential location of 
the gages was due to a variation in the longitudinal 
rebar spacing and, on occasion, the encountering of a 
rebar while drilling holes for the mount assembly. 

Following the advance of the TBM trailing gear past the 
instrumented ring, the wire leads from the three surface 
gages and four embedded gages for each ring were routed 
to a common terminal box. The leads were attached to 
the surface of the liner using handy clips. See Photo 
10 for an example of the typical wire routing and termi- 
nal box installation. 



-17- 



Th e initial reading for the embedded gages were ob- 
tained immediately after the ring was erected, prior 
to installation of peagravel . The initial readings 
for the surface gages were obtained approximately two 
days after the erection of the ring following gage 
placement and mounting cement cure. The gages for 
each ring were then generally monitored on a daily 
basis for about two to three weeks after which the 
monitoring frequency was reduced to about once a 
week. 

4.4.5 Tape Extensometer Chord Measurements 

Tape extensometer measurements of selected tunnel 
chords were made using a SINCO Model 5185 5 Tape Ex- 
tensometer system. This system includes a proving 
ring and adjustment screw for applying a reproducible 
tension, a standard engineer's measuring tape, and 
the stainless steel anchor points. Basically, the 
instrument consists of two anchor sockets, tape locking 
pin, tape reel, tape reading dial indicator, tension 
adjustment nut, and tension dial indicator and proving 
ring (see Fig. 23) . The tension adjustment nut has a 
range of two inches. The standard engineer's tape has 
been modified by punching small holes at exactly two- 
inch intervals to accommodate the locking pin latching 
system and by fixing an anchor socket at the end of the 
tape. The anchor points consist of a 1-in. -diameter 
stainless steel sphere welded onto a 3/8-in. -diameter, 
2%-in.-long stud. The anchor points were attached to 
the precast concrete tunnel liner by means of an ex- 
pandable star anchor {see Fig. 23) . 

The procedure for obtaining the instrument measurements 
starts with the tape fully wound on the reel and the 
locking pin disengaged. The free end of the tape is 
attached to the anchor point forming a ball and socket 
type joint (see Photo 7) . The instrument is then 
carried to the next anchor and attached in the same 
fashion. The tape is reeled in and the locking pin en- 
gaged until there is little or no sag in the tape. The 
tension adjustment nut is then turned until the proving 
( ring dial gage reads zero {see Photo 8) . The dial gage 

was preca libra ted to read zero when a forty-pound ten- 
sile load was applied to the tape. The attachment 
sockets are then checked to be sure that they are seated 
properly on the anchor. Frequently, the socket was not 
seated properly and further adjustment of the tension 
adjustment nut was necessary. The instrument is then 
moved back and forth to the position of minimum tension 
to ensure that the minimum chord length is measured. 
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Th e actual reading is taken from the tape reading 
dial indicator and the tape at the point where it 
enters the latching end of the instrument. Tempera- 
ture was recorded at the time of the measurement. See 
Photos 8 and 9 for examples of the data collection 
procedures used. 

Periodically the extensometer was cleaned and the tape 
lightly oiled and wiped clean. Two standard reference 
points were installed in the GEI lab and measurements 
were taken periodically to determine background error 
and to check the tape calibration. A 4 0-lb weight was 
also used to periodically calibrate the proving ring 
dial . 



Anchors were typically located in the same vertical 
plane perpendicular to the tunnel axis as the surface 
strain gages (see Table 2 and Fig. T-l) . This was 
primarily done so that should any appreciable movements 
occur, correlations could possibly be made with respect 
to strain gage data and chord measurements in the same 
plane. The anchors were located adjacent to the upper 
and lower grout holes in side segments #2 and #3. 
Anchors were not located in the crown segments because 
of poor accessibility during construction. Anchors 
were also not located in the invert segment due to 
interference with the grout gantry and muck train. 

The three chord distances shown on Fig, 24 were measured 
on approximately a weekly schedule after the trailing 
gear had passed since it was not possible to obtain 
these dimensions or other meaningful chord lengths when 
the trailing equipment was present. 

4.4.6 Vibrating Wire Tunnel Piezometers 

The piezometers installed through the tunnel lining at 
the nine test ring locations are the Model PW-100 vibrating 
wire type manufactured by I RAD/ GAGE, Inc., Lebanon, NH 
with a range of 0 to 10 0 psi and a resolution of 0.1 psi. 
Prior to installation, each instrument was calibrated by 
the manufacturer and pressure tested by GEI in the lab. 
Some instruments (Test Sections 3, 6, 7, 8) were sur- 
rounded by Ottawa sand and are in 2-3/8-in. -0 . D . , 2-in.- 
I.D. slotted PVC tubing, approximately one foot long (see 
Photo 9). Some instruments (Test Sections 2, 4, 5, 9) 
were only surrounded by Ottawa sand for at least two feet 
ahead and behind the instrument. 
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The tunnel piezometers were installed in 2^-in.-dia. 
holes drilled by percussion air drills approximately 
six feet into rock adjacent to the tunnel lining at 
each test section. Three 2-in.-dia., 6-ft-long holes 
were drilled at or near each test section to inter- 
cept water-bearing joints in the rock. Those holes 
exhibiting the greatest amount of water flow were 
chosen and, if necessary, the hole was enlarged to 
accommodate the oversized PVC tubing. Prior to inser- 
tion of the instrument, the holes were blown out using 
compressed air to rid the hole of fines which could 
clog the porous stone tip. After insertion of instru- 
ment and Ottawa sand, lead wool was inserted in the 
hole. The remainder of the hole was filled with bento- 
nite and plugged with styrofoam. The readout cables 
from these piezometers were then routed along with the 
strain gage leads to the terminal box at each test ring. 

The tunnel piezometers were usually monitored on a 
weekly basis from the day of installation until the 
completion of the tunnel advance. 

4.4.7 Surface Piezometers and Observation Wells 

The Corps of Engineers installed 13 piezometers in the 
bedrock in 1976 (prior to award of the tunnel contract) 
which were designated as the FD-series. Details of the 
FD-series piezometer installations are not presented 
herein; however, the location and elevation of the piezo- 
meter tips are shown on Fig. F-l. The piezometers and 
observation wells installed under this contract (PZ-1 
through 6, OW-1 and OW-2) were installed in 1977. The 
details of the PZ and OW series installations are pre- 
sented on Figs. 25 through 32 and the locations and tip 
elevations are also shown on Fig. F-l. 

All of the piezometers and observation wells shown on 
Fig. F-l were read once per month starting in January 
1978, except when individual instruments were inacces- 
sible due to ice, snow or other obstructions. A select 
number of these piezometers were monitored on essentially 
a daily basis for a period from mid August 1979 to January 
1980, when the tunnel heading was in the general vicinity 
of the respective instruments. This additional data has 
not been included on Fig. F-l but is available in the 
appropriate weekly reports. All measurements were made 
using an electronic sounding device to determine the top 
of the water surface relative to the top of the protec- 
tive casing at the ground surface. 
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4.4.8 Concrete Modulus Testing 

The concrete cylinders obtained at the San-Vel casting 
yard during the pours for the instrumented segments 
were tested to determine the elastic modulus of the 
concrete by H. G. Protze, Inc., Newton Highlands, MA. 
The secant modulus of elasticity to 35% of the antici- 
pated ultimate load was determined using two 2% in. or 
4% in. electrical resistance strain gages mounted along 
the axis of the cylinder and diametrically opposed. 
After completion of the modulus testing, all cylinders 
were loaded to compressive failure. 



4 . 5 Data Collected and Instrument Performance 

4.5.1 General Summary 

It should be noted that the measurements obtained for 
the various instruments used during this project are 
subject to a range of error depending on the instrument 
type and monitoring procedure used. Previous experience 
has indicated that the accuracy and repeatability of 
the measurements made using the various instruments is 
controlled by the instrument or instrument component in 
the measuring system with the lowest resolution or sub- 
ject to the most operator error during the measurement 
procedure. Thus, the data that are presented in the 
Appendices and which are summarized in this section of 
the report are considered accurate to within the fol- 
lowing ranges : 



Type of Instrument 



Probable Range of 
Error 



MPBX 

Load Cell 
Strain Gage 
Tape Extensometer 
Tunnel Piezometers 
Ground Surface Piezometers and 
)j Observation Wells 



+ 



+ 0.003 in, 

+ 115 lb 
5pe {lpe = 

+ 0.01 in. 
0.1 ft H 2 0 (+ .05 psi) 

+ 0.5 in. 



10" 6 in/in) 



The maximum rock movements measured by the MPBX's are 
summarized in Table 3 and the movement versus time are 
graphically presented in Appendix A. All of the MPBX 
instruments performed satisfactorily. 

The data collected for the rock bolt load cells during 
the monitoring period from November 14, 19 79 to December 
15, 1978 are graphically presented in Appendix B. In 
general, the load experienced by the instrumented rock 
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bolts increased very little, if at all, above the lock- 
off load during the monitoring period. The rock bolt 
load cells were quite prone to damage due to flyrock 
during the tunnel advance: 10' of the 12 cells required 
repair and/or reinstallation during this period. 

The strain gage data obtained for the nine instrumented 
rings are graphically presented versus time in Appendix 
C and the maximum measured strains for each ring are 
presented on Table 4. For the most part the maximum 
strains measured were less than 200ye. The ranges of 
measured maximum strain and percentages of gages within 
that range are summarized in the following table. 





Maximum 


Measured 


Strain 


Per Gage 


(ue) 








100-200 


Percentage of 


Gages 






0-100 


200-300 


300-400 


4 00+ 


Damaged 


Embedded 


39.1 


7.8 


1.6 


1.6 


1.6 


4.6 


Surface 


23.4 


14.1 


0 


0 


4.6 


1.6 


Total 


62.5 


21.9 


1.6 


1.6 


6.2 


6.2 



Based upon an average of the elastic modulus measured 
in the concrete cylinders tested in this program, a 
factor of 4 psi/microstrain can be applied to the 
strain measurements to obtain a reasonable approximation 
of stress. 

Of the 36 embedded gages installed, three were damaged 
or otherwise failed to function properly. Of the 28 
surface gages installed, one was damaged and one 
operated but indicated questionable data. 

The tape extensometer data for the monitored chords at 
each test section are graphically presented in Appendix 
D. Generally, with a few exceptions, the measured changes 
in the three chord lengths monitored at each test ring 
(18 total) were all within +0.10 in. based on the initial 
readings. These measurements were laborious to under- 
take but all equipment performed satisfactorily for the 
life of the job. 

The data for the eight vibrating wire piezometers in- 
stalled in the first eight instrumented rings are graphi- 
cally presented in Appendix E. All eight of the instru- 
ments performed satisfactorily. However, four of the 
piezometers apparently were installed in boreholes which 
did not communicate with the surrounding groundwater since 
there was little agreement with these four tunnel piezo- 
meters and nearby piezometers installed from the ground 
surface . 
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The data for the 12 rock piezometers, 6 glacial till 
piezometers and 2 observation wells installed in the W 
floodplain deposits are presented on Fig. F-l in 
Appendix F. All of the piezometers installed in bed- 
rock measured very large drops (100 to 130 ft) in the 
bedrock piezometric level as the tunnel heading 
approached and passed their locations. The piezometric 
level in the glacial till stratum was also found to de- 
crease, but to a much lesser amount (20 to 25 ft) as the 
tunnel heading passed in the vicinity of an instrument. 
The observation wells did not appear to be significantly 
influenced by the tunnel construction. All of the in- 
struments performed satisfactorily except one which was 
damaged by other construction activity in the area. 

The data obtained for the concrete modulus testing is 
presented in Appendix G and generally indicated an 
elastic secant modulus ranging from 3.4 3 x 10^ to 
4.5 x 10^ psi with a compressive strength ranging from 
7470 to 8550 psi. 

4.5.2 Summary By Test Section 

The following discussions present a more detailed summary 
of the data collected at each of the ten instrumented 
test sections. As on Table 4, the strain gages will be 
referred to by segment number (1- invert, 2-right, 3-left, 
4-crown) and mount type (E-embedded, S-surface) , e.g., 
2S = segment 2, surface gage. 

Test Section #1 

Test Section #1, which consisted of 12 rock bolt load 
cells and MPBX-1, was located between Stas 8+16 and 8+2 8 
in the drill and blast section of the tunnel. 

The data collected for the six anchors in MPBX-1 relative 
to the brass reference plate and assuming the reference 
plate fixed are shown in Fig. A-la, Appendix A. This 
data would seem to indicate that the anchors and, thus 
the rock, are moving upward as the tunneling operation 
proceeds. In addition, the upward movement seems to be 
occurring well before the face of the tunnel has reached 
Sta 8+20 and all six anchors appear to be moving upward 
with an equal uniform magnitude. Such upward movement 
is unlikely. Based on these observations it is felt 
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that the brass reference plate is actually moving 
downward relative to the stainless steel rods, giving 
the impression of upward rock movement. This con- 
clusion is borne out by the optical survey measurements 
which indicate a downward movement of the reference 
plate. However, due to the difference in resolution 
of at least an order of magnitude between the micro- 
meter and the optical survey equipment and the lack of a 
proper bench mark at the beginning of the survey measure- 
ments, no rigorous comparison of the data can be made. 
Since the reference plate and head of MPBX-1 is 
securely attached to the NW casing seated in the bedrock, 
the reason for this apparent settlement of the reference 
head is not readily apparent but may be due to an elastic 
shortening of the steel casing to which the reference 
head is attached caused by downdrag forces from the sur- 
rounding varved clay stratum. 

A reasonable analysis of the data can be made if the 
uppermost anchor (#6) is considered fixed and the re- 
maining five anchor movements are plotted relative to 
it. These data are presented in Fig. A- lb. Since 
anchor #6 is located approximately 47 ft above the 
tunnel crown, the assumption of zero or negligible move- 
ment of anchor #6 seems appropriate. 

As can be seen in Fig. A- lb, the anchor movements relative 
to anchor #6 are quite credible in their direction and 
magnitude. The maximum rock movement which was detected 
by MPBX-1 is on the order of 0.03 inches downward at 
anchor #1, which is located approximately 2.8 ft above 
the tunnel opening. The magnitude of the rock movement 
decreased moving upward from the tunnel opening, with a 
downward movement of about 0.00 5 in. detected at anchor 
#5, which is located approximately 24 ft above the crown. 
The majority of the movement occurred in all the anchors 
between the time the tunnel face reached Sta 8+20 until 
it had progressed to about Sta 8+60. It also seems as 
though some upward movement of the rock may have occurred 
as the face approached Sta 8+2 0, but this fluctuation 
in the data may be due to dirt on the top of some of the 
stainless steel rods at the time of these measurements. 
Based on these data, it would appear that all downward 
movement of the rock above the tunnel crown stabilized 
after the tunnel face was located about 50 ft past the 
MPBX position. 
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Th e data obtained for the 12 rock bolt load cells, 
during the monitoring period from November 14, 19 78 
to December 15, 1978, are graphically presented in 
Figs. B-l through B-6, Appendix B. The position of 
the tunnel face relative to each load cell station is 
shown on the plots. Significant events which occurred 
during the monitoring period are also noted. The loca- 
tions given for the load cells are approximate since it 
was considered more important to place the cells against 
flat, sound rock than at a particular grid coordinate. 

Eight of the load cells were damaged during the monitor- 
ing program by flyrock from blasting. Six of these 
damaged cells (Nos. 1, 2, 7, 9, 11 and 12) were removed, 
repaired, and reinstalled. The repairs consisted of 
mending or replacing damaged cable and/or connectors . 
Two of the cells (Nos. 3 and 6) required reinstallation 
after the rock against which they were bearing was 
blown away during the heading advance. 

The daily fluctuations in the readings recorded for all 
the cells were due either to moisture entering the signal 
cable through minute cuts in the vinyl casing which re- 
sulted from blasting or to moisture at the connection to 
the readout box. Precautions were taken to protect the 
instruments from water. These included the taping of 
all connectors after each reading, wrapping the con- 
nectors in plastic bags, and mending all cuts in the 
cable as soon as they were detected. 

Fluctuations of approximately + 115 lbs can be expected 
with these cells between readings, since the repeatability 
of the cells is about + five digits over the calibration 
range and the average calibration factor was about 22.5 
lbs/digit. The temperature in the tunnel at the location 
of the load cell installations was recorded for every 
reading of the cells, but no correlation of temperature 
variation with cell reading fluctuation was apparent. 

It was observed that 7 of the 12 load cells indicate a 
peak point occurring on December 8, 1978. This relatively 
sharp apparent increase in load was noted during the data 
collection and the cells were read again the same day. 
Special care was taken to dry all connections as well as 
the interior of the readout box. All readings repeated to 
within five digits of the values obtained earlier in the 
day. The major tunnel construction activity on December 8 
was the grouting of the outlet shaft. However, it is not 
readily apparent why this activity would produce an in- 
crease in load which would again sharply drop off. 
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Test Section #2 

Test Section #2 consisted of MPBX-2 and instrumented 
liner Ring #15 which included the standard seven 
strain gage array, piezometer, and chord measurements. 
The center of this test section was located at Sta 
11+32. 

The data collected for the five lower anchors in MPBX-2 
were plotted relative to anchor #6 for the reasons dis- 
cussed for Test Section #1 and are presented on Fig. A-2. 
The maximum anchor movement was measured in the #1 
anchor and is of the order of 0.26 in. downward. The 
anchor movement and corresponding rock movement attenu- 
ated moving upward from the tunnel opening, with a maxi- 
mum downward movement of 0.022 recorded for the #5 
anchors, located about 20 ft above the tunnel crown. 
Practically ali of the measured rock movement occurred 
as the tunnel heading progressed - about 100 ft past the 
instrument location (Sta 11+32) . 

The strain gages on Ring 15 were installed on September 7, 
1979 and were monitored for approximately 45 weeks. This 
data is presented on Fig. C-l. The maximum strain mea- 
sured was +538ue (compressive) measured 37 weeks after 
installation in the 4S gage. The 4S gage increased to 
+214ye less than one week after gage installation and 
the compressive strain gradually increased during the 
next 36 weeks to its maximum and remained stable (+10ue) 
for the following six weeks when monitoring ceased. 
Gage 2s increased to +109ye four weeks after installation 
and continued a gradual trend toward increasing compres- 
sive strain during the remaining 41 weeks of monitoring, 
attaining +156ye, the maximum strain measured for this 
gage at the end of this period. Gage 3S reached -107ye 
(tension) less than two weeks after installation. The 
gage indicated relatively erratic strains varying as much 
as 140ye during the remaining 4 3 weeks of monitoring. 
The embedded gages in this ring all indicated changes in 
strain less than lOOye for the entire 45 week period. All 
of the gages for this ring, except the last reading for 3S, 
generally indicated increasing compressive strain over the 
course of the monitoring period. 

The tape extensometer data are presented on Fig. D-l, 
Appendix D. All of these data have been corrected for 
the expansion or contraction of the steel measuring tape 
due to changes in the tunnel atmosphere temperature 
between readings. Chord length 8-3 indicated an increase 
in length of about 0.05 in. while chords 7-2 and 7-3 
both decreased in length a little over 0.1 in. This 
could indicate that segment 3 near point 9 may have 
rotated slightly away from the tunnel opening while the 
other three points may have moved inward. 



The data obtained for the vibrating wire piezometer 
at Test Section #1 are presented on Fig. E-l, Appendix E. 
The elevation of the piezometric surface measured in the 
bedrock by this instrument agreed to within 2 ft of the 
elevation measured in nearby surface piezometer FD-27 
(see Appendix F) , located about 7 ft off of the tunnel 
spr ingline . 

Test Section #3 

Test Section #3 consisted of MPBX-3 and instrumented 
Ring #81 which included the seven strain gage array, 
piezometers, and chord measurements. The center of 
this test section was located at Sta 15+25. 

The deflection data collected for the five lower 
anchors in MPBX-2 were plotted relative to anchor #6 
for reasons similar to those discussed for Test Sections 
#1 and #2 and are presented on Fig. A-3. The maximum 
measured anchor movement occurred in the two anchors 
closest to the tunnel opening (#1 - 2.4 ft, #2 - 3.9 ft) 
and were about 0.16 in. downward. The rock movement as 
measured by the three higher anchors attenuated moving 
away from the opening, with a maximum downward movement 
of 0.02 in. recorded for anchor #5, located about 26.7 ft 
above the crown. Almost all of the measured movement 
was recorded as the tunnel heading progressed about 100 
ft past the instrument location {Sta 15+25) . 

The installation sequence for Ring 81 was different than 
that followed for the other instrumented rings included 
in this project. The peastone and grout were placed 
around this ring immediately after erection, as opposed 
to the other eight instrumented rings for which the pea- 
stone was installed about two to three rings back from 
the most recently completed ring and the grout was not 
installed for two to five hundred feet after the ring was 
erected. The strain gages on Ring 81 were installed on 
October 19, 1979 and were monitored for approximately 39 
weeks. The data is presented on Fig. C-2. The maximum 
strain measured was +237ue in the 2E gage during the 
last week of monitoring. Prior to this, the 2E gage in- 
creased in compressive strain to +72ye one week after 
installation and for the next 25 weeks gage 2E remained 
stable (+15ue) . During the remaining 13 weeks of moni- 
toring gage 2E indicated a gradual increase in compres- 
sive strain to its maximum at the time of the last 
measurement. Gages IE and 3e indicated trends somewhat 
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similar to 2E during monitoring. Both had maximum 
strains in the 100-200ye range. One week after in- 
stallation gages IE and 3E indicated +60 and +82ye, 
respectively. For the remaining 38 weeks there was 
a very slight trend toward increasing compressive 
strains in both gages. Gages 2S and 3S indicated 
similar trends during monitoring, i.e., increasing 
compressive strain, and both were in the 0 to lOOye 
range at the last measurement. The gage 4E readout 
cable was severed during removal from the embedded 
storage box during final wiring up to the terminal 
box. Readings obtained before the cable was damaged 
indicated +79ye one week after installation. On 
April 23, 1980 it was discovered that readout cables 
leading to the terminal box from all of the strain 
gages were severed, presumably by the rolling grout 
gantry which had just passed. All cables were re- 
spliced and repaired by May 8, 1980. 

The tape extensometer data, including temperature 
corrections, are presented on Fig. D-2. All three 
chord lengths decreased about 0.10 in. within the 
first month of monitoring and remained in that posi- 
tion, with some fluctuation, for the remainder of the 
monitoring period. 

The data obtained for the vibrating wire tunnel piezometer 
are presented on Fig. E-2. For the first four months 
after installation this instrument appeared to be re- 
sponding to an increase in hydrostatic pressure. How- 
ever, the readings then began to decrease contrary to 
the levels measured in nearby surface piezometer FD-29. 
We feel that the poor agreement with FD-29 was due to the 
fact that a joint was not intercepted with the borehole 
in which the piezometer was installed which could provide 
adequate communication of the hydrostatic pressure in 
the adjacent bedrock. During an attempted removal of 
the instrument to check it for proper operation, the 
piezometer was irrepairably damaged. 

Three new boreholes were drilled through the grout holes 
in the segment adjacent to Ring 81 to attempt to reach 
a water-bearing joint. The hole drilled at Ring 83 pro- 
vided a large inflow of water and a new piezometer was 
installed at this location. However, it was not possible 
to adequately seal this piezometer in the bedrock and 
some leakage continued to occur through the grout hole. 
The readings presented for June and July 1980 reflect this 
leakage. 
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Test Section #4 

Test Section #4 consisted of MPBX-4 and instrumented 'w' 
Ring 225. The center of this test section was located 
at Sta 24+00. 

The deflection data collected for the six anchors in 
MPBX-4 relative to the brass reference plate are pre- 
sented on Fig. A-4. The maximum anchor movement was 
measured in anchor #1 and was about 0.0 7 in. downward. 
The movement attenuated away from the tunnel opening 
with no practical movement detected at the anchor #5 
or #6 locations. Practically all of the measured move- 
ment occurred as the tunnel heading progressed about 
50 ft past the instrument location (Sta 15+25) . Fig. 
A-4 shows some apparent additional downward movement 
occurring in April 1980. However, it is assumed that 
this is not true rock movement due to the similar mag- 
nitudes measured for all six anchors and is probably 
due to a slight heave of the instrument head or 
reference plate. 

Measurements of the strain gages at Ring 225 were carried 
out for approximately 33 weeks after installation of the 
strain gage on December 4, 1979 and the data are presented 
on Fig. C-3. The maximum measured strain was +136ye 
obtained for the last measurement of gage 3S . The 3S 
gage exhibited tensile strains of up to -53ue two weeks 
after installation. Following grouting, two weeks after 
gage installation, the 3S gage indicated a compressive 
strain of +19ye. The strains remained stable (+15ue) 
during the next 20 weeks. In the remaining 11 weeks, 
gage 3S indicated strains with a trend toward increasing 
compression to its maximum at the last measurement. All 
of the embedded gages and gage 2S indicated strains in 
the 0 to lOOye range during the entire monitoring period. 
However, 2S did not exhibit the general increase in 
compressive strain noted for the other gages on this ring. 
The end mounts for gage 4S were damaged during installa- 
tion and initial tensioning of the gage. Attempts were 
made to repair the mounts but none were successful while 
the trailing gear was in position to provide access and 
make repairs. 

The tape extensometer data for Test Section #4 are pre- 
sented on Fig. D-3. Overall, chord lengths 8-3 and 7-2 
indicated basically no change in length with chord length 
7-3 decreasing by about 0.075 in. 
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The data obtained for the piezometer at this test 
section is presented on Fig. E-3. It appears obvious 
from this data and from the data obtained in nearby 
surface piezometer FD-30 that this instrument was not 
monitoring the hydrostatic pressure in the rock adjacent 
to the tunnel. In April 1980 the piezometer was re- 
moved from the borehole drilled at Ring 225 and was 
found to be operating properly. Two new boreholes were 
then drilled at adjacent Rings 226 and 227 in an attempt 
to intercept a hydro statically communicative joint 
system. The piezometer was reinstalled at Ring 227 and 
it appears from the data obtained in June and July that 
such a joint system was not located. 

Test Section #5 

Test Section #5 consisted of MPBX-5 and instrumented Ring 
275. The center of this test section was located at 
Sta 27+00. 

The deflection data collected for the six anchors in 
MPBX-5 relative to the brass reference plate are pre- 
sented on Fig. A-5. The lower five anchors all showed 
very small upward movement, the largest being -0.03 in. 
for anchors 1 and 2. Most of the measured movement 
occurred prior to the heading progressing 150 ft past 
the instrument. There was some attenuation of movement 
noted in the anchors progressing upward from the tunnel 
and no reason to suspect that the instrument was not 
functioning properly. Therefore, it is assumed that the 
measured upward displacement is true movement. 

The strain gages on Ring 275 were installed on December 17, 
19 79 and were monitored for approximately 30 weeks. The 
data are presented on Fig. C-4. The maximum strain measured 
was -351ye, at gage IE, one week after ring erection. 
For the remaining 29 weeks of monitoring the strains mea- 
sured in gage IE indicated a slight trend toward lesser 
tensile strains with the last measurement indicating 
-305ue. Gage 4S increased in compressive strain to +78ye 
four weeks following gage installation. Subsequent strain 
measurements of the 4s gage indicated a slight trend toward 
increasing compressive strains. The maximum strain mea- 
sured by gage 4S was +129ye approximately 28 weeks after 
gage installation. Measurements of embedded and surface 
gages on segments 2 and 3 exhibited strains in the 0-lOOye 
range with no definite trends apparent except for a small 
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increase in compressive strain at 2S and 3S. Measure- 
ments obtained from gage 4E indicated strains in the 
0-100ye range with a general increase in compressive strain 
strain during the first 23 weeks of monitoring. The 
final measurement of gage 4E indicated a compressive 
strain in excess of 200ye and, because of the relative 
inconsistency with prior measurements, is believed to be 
an erroneous measurement. 

The tape extensometer data for Ring 275 are presented 
on Fig. D-4. Chord 8-3 and 7-2 measurements indicated 
an increase and decrease of about 0.1 in. and 0.075 in., 
respectively, within eight days after monitoring began 
and remained at the new lengths, except for a fluctuation 
at the end of April, until readings were terminated in 
July. Chord 7-3 measurements tended to fluctuate during 
the seven-month monitoring period with a general increase 
in length of about 0.05 in. noted. 

The data obtained for the piezometer at this test section 
are presented on Fig. E-4 . As with the data obtained for 
the piezometer at Ring 22 5, there was little agreement 
noted between this instrument and the closest surface 
piezometer at FD-30. As a result, this piezometer was 
pulled and tested at the end of May and was found to be 
functioning properly. Two new boreholes were drilled 
at adjacent Rings 2 74 and 276, but no groundwater in- 
flow was detected from any of the three boreholes at 
this test section. The instrument was reinstalled at 
Ring 276. 

Test Section #6 

Test Section #6 consisted of MPBX-6 and instrumented 

Ring 548. The center of this test section was at Sta 43+50. 

The deflection data obtained for the six anchors in MPBX-6 
relative to the brass reference plate are shown on Fig. 
A- 6. The maximum movement of 0.07 in. toward the tunnel 
was measured in anchor #1. The movement measured by 
anchors #3 through #6 indicated attenuating rock movement 
progressing up from the tunnel. Practically all of this 
movement was measured as the heading progressed about 
125 ft past the instrument. No movement was measured for 
anchor #2 which is not reasonable based on the relative 
movement of the other anchors. However, the reason for 
the malfunction of this anchor point is not apparent. 
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The strain gages on Ring 548 were installed February 11, 
1980 and were monitored for approximately 2 3 weeks. 
The data are presented on Fig. C-5. The maximum strain 
measured was +514ye, obtained 23 weeks after gage in- 
stallation in the 4S gage. The strain measurements of 
the 4S gage exhibited a definite trend toward in- 
creasing compressive strain during the last 21 weeks of 
monitoring. Measurements of gages 4E and 3E indicated 
a similar trend toward increasing compressive strairis 
as in 4S but the maximum strains measured were +165ye for 
the final measurement of gage 4E and +10 5y£ for gage 3E 
21 weeks after initial measurements were made. Measure- 
ments of gages IE, 2S and 3S indicated strains in the 
0-lOOye range during the entire monitoring period with 
some increase in compression. Some gage 2E measurements 
were obtained while at the San-Vel storage yard. How- 
ever, following shipment of the instrumented segments to 
Hartford, the gage failed to respond to all attempts at 
monitoring. The reason for this failure is not apparent. 

The tape extensometer data for Ring 548 are presented on 
Fig. D-5. All three of the measured chords generally 
tended to shorten over the six-month monitoring period, 
i.e., chord 8-3 about 0.05 in., chord 7-2 about 0.05 
to 0.075 in., and chord 7-3 about 0.1 in. All three of 
the chord lengths exhibited fluctuations during this 
period. 

The data obtained for the tunnel piezometer at this 
section are presented on Fig. E-5. In the last three 
months of monitoring the elevation of the piezometric 
surface as measured by this instrument was about 12 ft 
lower than that measured by nearby surface piezometer 
FD-12 (see Appendix F) which is located about 18 ft from 
the tunnel springline. This difference may be due to a 
steep depression of the drawdown curve, closer to the 
tunnel excavation as groundwater drains into the tunnel. 
It can also be postulated that some leakage may be 
occurring from the hole in which the tunnel piezometer 
is installed since a drop of about 15 ft of head occurred 
during the last three months of monitoring which was not 
reflected in the FD-12 data. Without this drop, the hydro- 
static pressure measured by the tunnel piezometer would 
be only 2 to 3 ft lower than that measured in FD-12. 

Test Section #7 

Test Section #7 consistedof MPBX-7 and instrumented Ring 
797. The center of this test section was at Sta 58+55. 
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The deflection data obtained for the six anchors in 

MPBX-7 relative to the brass reference plate are shown \^ 
on Fig. A- 7. A maximum movement of 0.18 in. toward 
the tunnel opening was measured in anchor #1. The re- 
maining five anchors indicated attenuating rock movement 
away from the tunnel opening with the movement measured 
by anchors #3 and #4, located about 8 ft and 12 ft above 
the crown, both indicating about 0.07 in, of downward 
movement. Most of the movement measured for all of the 
anchors occurred as the heading progressed about 125 
ft past the instrument. 

The strain gages on Ring 79 7 were installed March 18, 
1980 and monitored for approximately 18 weeks. The data 
are presented on Fig. C-6. The maximum strain measured 
was +162ye for the last measurement made at gage 3S. 
During the first two weeks after gage installation, strain 
measurements at 3S indicated tensile strains of approxi- 
mately -10ye (+5ye) . Approximately three weeks following 
gage installation strain measurements indicated compre- 
sive strains of +30ye (+10ye) . During the fourth week of 
monitoring, strain measurements increased overnight to 
+130ye. Subsequent measurements obtained during the 
following three weeks exhibited a decreasing compressive 
strain trend reaching +78ye. For the remainder of the 
monitoring period the decreasing compressive trend was 
reversed. Measurements obtained from embedded and sur- 
face gages on segment 4 exhibited trends toward in- 
creasing compressive strain attaining measured maximum 
strains of +95ye and 152ye, respectively, in the 16th and 
15th week of monitoring, respectively. Measurements of 
gages IE, 2E, and 2S have indicated strains in the 0 to 
lOOye range with a very slight trend toward increasing 
compressive strain. 

The tape extensometer data for Ring 79 7 are presented on 
Fig. D-6. All three of the measured chord lengths tended 
to shorten by about 0.0 3 in. during the four-month moni- 
toring period. The last readings obtained in July 1980 
indicated that the chord lengths had practically returned 
to their initial values. 

The data obtained for the tunnel piezometer are presented 
on Fig. E-6. These data agree closely with the levels 
measured in surface piezometer FD-22A (see Appendix F) 
which is located about 31 ft from the tunnel springline. 
The approximate 7-ft difference in head can reasonably be 
explained by a deeper groundwater drawdown closer to the 
tunnel as discussed for Test Section #6. 
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Test Section #8 

Test Section #8 consisted of MPBX-8 and instrumented 
Ring 840. The center of this test section was at 
Sta 61+19. ' 

The deflection data obtained for the six anchors in 
MPBX-8 relative to the brass reference plate are 
shown on Fig. A- 8. Since the installation of this 
instrument was not completed until the tunnel heading 
had progressed about 75 ft past the instrument and the 
grout may not have had a sufficient time to set until 
the heading had progressed over 150 ft, total rock 
movements could not be measured. The only conclusions 
which can be made is that essentially no rock movement 
was detected above the crown of the tunnel at this 
location after the heading had progressed 100 ft be- 
yond it. 

The strain gages were installed on Ring 840 on March 25, 
1980 and monitoring continued for approximately 17 weeks. 
The data are presented on Fig. C-7. The maximum mea- 
sured strain was +164 pe which occurred in the 2S gage in 
the 17th week. Gage measurements obtained from 3S and 
4S indicated maximum strains of +131ye and +99 ye in the 
16th week of monitoring. Measurements obtained during 
the entire monitoring period indicated maximum strains 
in the + 0 to 100 ye range for all of the embedded gages. 
There was a general trend of increasing compressive 
strain noted in all of the strain gages for this ring 
during the SH-month monitoring period. 

The tape extensometer data for Ring 84 0 are presented 
on Fig. D-7. During the 3%-month monitoring period an 
increase of about 0.04 in. was recorded in chord lengths 
8-3 and 7-2, while chord length 7-3 decreased by about 
the same amount. 

The data obtained for the tunnel piezometer installed at 
Test Section #8 are presented on Fig. E-7. These data 
agree closely with the hydrostatic levels measured in 
nearby surface piezometer FD-18 which is located about 
21 ft from the tunnel springline (see Appendix F) . The 
approximate 8-ft difference in head can probably be ex- 
plained by deeper groundwater drawdown closer to the 
tunnel as discussed for Test Sections #6 and #7. 
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Test Section #9 consisted of MPBX-9 and instrumented 
Ring 1324. The center of this test section was at 
Sta 91+00. 

The deflection data obtained for the six anchors in 
MPBX-9 relative to the brass reference plate are shown 
on Fig. A-9. The August 15, 1980 data were supplied 
by the COE. The maximum anchor movement of 0.21 in. 
was recorded in anchor #1 with the apparent rock move-* 
ment attenuating rapdily to anchor #3 which was located 
about 8 ft above the crown and which indicated practi-- , 
cally no downward movement. The relative displacement 
of the three higher anchors suggests some slight upward 
rock movement, but it is not certain whether this was: 
true movement or related to settlement of the reference 
head. Practically all of the measured rock movement 
occurred as the tunnel progressed about 100 ft past the 
instrument location. 

The strain gages were installed on Ring 1324 on June 4, 
1980 and monitoring continued for approximately nine ' 
weeks. The data are presented on Fig. C-8. The 
August 7, 198 0 data were supplied by the COE. The maxi-- 
mum strain measured was -142ye at gage IE the third week 
following gage installation. Subsequent measurements of 
gage IE indicated a trend toward lesser tensile strains 
and, eventually, in the sixth week of monitoring indicated 
a compressive strain of +56ye. Gage 4S measurements : 
generally indicated a continued trend toward increasing 
compressive strain with the final measurement attaining 
+79ye. Gages 2E, 2S, 3E, 3S, 4E, all indicated tensije 
strains in the 0 to lOOye with the exception of gage ^S, 
measured during the sixth week, which indicated a compr^* 
sive strain of +9ye. There was a general trend during 1 
the last month of monitoring of slight increasing compre« 
sive strain. 

The tape extensometer data for Ring 1324 are presented, 
on Fig. D-8. During the one-month monitoring period,: 
chord 8-3 indicated a decrease in length of about 0.1 
in., chord 7-2 increased in length about 0.08 in. and 
chord 7-3 showed no definitive trends. 
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The data obtained for the tunnel piezometer are pre- 
sented on Fig. E-8. The August 7, 1980 data were ob- 
tained from the COE. There were no nearby surface 
piezometers installed into bedrock which were monitored 
during this program. However, it appears from the data 
that this instrument is functioning properly and is re- 
sponding to the hydrostatic pressure adjacent to the 
tunnel at this location. 

Test Section #10 

Test Section #10 consisted of MPBX-10 and instrumented 
Ring 1399. The center of this test section was at Sta 
95+54. 

The deflection data obtained for the six anchors in MPBX-10 
relative to the brass reference plate are shown on Fig. 
A-10. The August 12 and 15, 1980 data were supplied by 
the COE. The maximum anchor movement recorded as of 
August 15, 1980 was 0.62 in. downward at anchor #1. 
Although the majority of the anchor movements were measured 
as the heading advanced about 100 ft past the instrument 
(to the end of the drive at about Sta 98+30), there is 
some time dependent movement observable in the data. 
Two months after the passage of the heading below MPBX-10 
there still appears to be small downward movement occur- 
ring in all of the anchors. The anchors also indicated 
attenuating movement progressing upward from the tunnel 
crown. It also appears that some upward movement on the 
order of 0.0 4 in. occurred as the heading approached the 
MPBX-10 location. 

The strain gages on Ring 1399 were installed on June 18, 
1980 and were monitored for approximately nine weeks. The 
data are presented on Fig. C-9. The August 15, 1980 data 
were supplied by the COE. The maximum strain measured as 
of August 15 was +1646lie at the 4S gage in the ninth week 
of monitoring. The 4S gage measurements obtained during 
the first four weeks of monitoring exhibited relatively 
large and rajbidly increasing compressive strains. Ring 
1399 was contact grouted in place during the latter part 
of the third week and beginning of the fourth week. An 
alternate surface gage (4S-A) was installed near gage 4S 
at the beginning of the fourth week (see Table 2) to act 
as a check and backup gage for the original 4S gage. In 
anticipation of measuring high compressive strains, gage 
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4S-A was set with a high initial tension. Since in- 
stallation, the alternate gage has followed a trend of 
increasing compression similar to the original 4S gage, 
although the magnitude of increase has been less. (4S 
has increased by about 240)je while 4S-A has increased 
by about +88pe during the last five weeks.) This dif- 
ference in magnitude could be a result of a number of 
factors, including slightly different gage alignments or 
different locations on the segment. Therefore, it is 
felt at the time of this writing that the original 4S 
gage is performing properly and that segment 4 has ex- 
perienced fairly large changes in strain since installa- 
tion. The embedded gage in segment 4 failed to operate 
after installation of the liner ring in the tunnel. 
Measurements obtained from gage IE indicated -356y£ one 
day after initial dead load measurements were taken. 
Subsequent measurements continued to indicate tensile 
strains, with no definitive trend apparent, in the -360ye 
to 430pe range for the remainder of the monitoring period. 
Measurements of embedded and surface gages on segments 
2 and 3 indicated predominantly tensile strains in the 
0 to 100 ye range. 

Tape extensometer monitoring points were not mounted on 
Ring 139 9 and the tunnel piezometer was not installed at 
this test section due to lack of access and interference 
caused by the trailing gear. 

4,5.3 Surface Piezometer and Observation Wells 

Fluctuations from the Connecticut River have been found 
to influence the groundwater elevation at the eastern end 
of the tunnel and, as a result, the project has been 
separated into two data zones . Zone I includes monthly 
groundwater data from the area effected by the Connecticut 
River, which encompasses Sta 6+25 to Sta 32+00, and are 
presented oh Fig. F-l, Appendix A. Zone II includes 
monthly groundwater data from the area between Zone I and 
the Park River, which is from Sta 32+00 to Sta 98+25, and 
are also presented on Fig. F-l. The locations and eleva- 
tions of the piezometers and observation wells and the 
proposed tunnel alignment are shown on the figures in 
addition to notations indicating significant events which 
occurred during the monitoring period. 
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The groundwater data collected in Zone I exhibited 
some observable trends in the data attributable to 
various construction phases, the strata in which 
the particular piezometer was located, and the 
fluctuations of the Connecticut River: 

1. Prior to the start of the machine tunneling, the 
piezometric levels were observed to be influenced 
by the operation of the shaft dewatering wells at 
all locations except PZ-3, PZ-4, OW-1 and OW-2. 
This phenomena was exhibited by the rebound of the 
piezometric pressures which occurred in June 19 7 8 
at FD-27, 29 and 30 and PZ-1 and 2, one month after 
the dewatering wells were grouted. During this 
period the piezometric and groundwater elevations 
at PZ-3 and 4 and OW-1 and 2, respectively, dropped 
in elevation as did the Connecticut River. The de- 
watering of the shaft depressed the groundwater 
measurements, the largest amount being near the 
shaft had a decreasing effect with distance from 
the shaft. 

2. In November 19 78, the piezometric pressure in FD-29 
dropped below PZ-1 which is located about 130 ft 
closer to the shaft than FD-29. The piezometers in 
FD-29 are located in bedrock which is bedded and 
contains some joints. PZ-1 is located in the red 
sandy silt to silty sand (i.e., glacial till) deposit 
overlying bedrock. A possible explanation for this 
response may be that the bedrock contains joints which 
give it a relatively high permeability that provided 
hydraulic communication between the shaft and tunnel 
excavation and the piezometers at FD-29. As a result, 
flow through the jointed rock may have caused more rapid 
dissipation of pore pressures than in less permeable 
material such as the overlying glacial till.. 

3. From January 1978 to July 19 79 the piezometric levels 
within the rock and groundwater levels in the over- 
burden soils seemed to fluctuate with the Connecticut 
River. This fluctuation, although indicating definite 
signs of drawdown of 2 0 to 25 ft due to the advance 

of the TBM tunnel, was also apparent in the overburden 
piezometers (PZ series) for the (remainder of the pro- 
ject. However, any response fluctuations of the rock 
piezometers (FD) after the start of the machine tun- 
neling were masked by the large drawdowns of 10 0 to 
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over 115 ft monitored in these instruments. There 
was no apparent tunnel-related drawdown measured in the 
overburden observation wells (OW) and the ground- 
water level in these instruments continued to 
fluctuate due to seasonal effects for the entire 
monitoring period. 

4. The large drops measured in the rock piezometers (FD) 
seemed to begin when the tunnel heading was 300 to 
500 ft before the respective instrument. After pas- 
sage of the heading and installation and grouting of 
the liner, the groundwater level in these piezometers 
began to recover by about 10 to 45 ft during the 
remainder of the monitoring period. 

The data from the piezometers located in Zone II indicate 
that the piezometric levels in this zone have not been 
noticeably affected by the Connecticut River. This is 
evidenced by the data collected prior to the large draw- 
downs of 110 to 130 ft after January 1980 due to the tunnel 
advance which showed no real correlation with the Con- 
necticut River fluctuations. There also did not appear 
to be any noticeable recovery of the large drawdowns in 
the groundwater levels in Zone II as observed for Zone I 
during the last 10 months of monitoring. Although there 
is limited data for the piezometers in the glacial till in 
this zone, drawdowns of about 14 ft at PZ-5 and 8 ft at 
PZ-6 were recorded at the end of the monitoring period. 

Another observation may be made relative to the drawdowns 
measured in the bedrock by the FD-series piezometers in 
both zones. It appears that the drawdown of the piezo- 
metric surface in the bedrock is not uniform progressing 
away from the tunnel to the ground surface. The large 
drawdown near the tunnel opening is indicated by the data 
from FD-27A and B, FD-29A and B, and FD-12A and B in which 
the piezometer tips are located at the tunnel elevation or 
at a maximum of about 5 ft above the crown as in the case 
of FD-29B. The bottom of piezometers FD-19A and FD-24 
are also located near the tunnel crown and the magnitude 
of the drawdowns measured in these two instruments agrees 
closely with the above noted piezometers. However, FD-19B, 
with its tip about 15 ft above the crown, and FD-22B, 
with its tip about 25 ft above the crown, show higher 
piezometric levels than their relative "A" instruments by 
about 40 ft and 100 ft, respectively. Therefore, it appears 
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that the magnitude of the drop in piezometric level 
decreased proceeding away from the tunnel similar to 
drawdown observed near a pumped well. 

All of the instruments performed satisfactorily for 
most of the monitoring period except for FD-19A and 
B which were irrepairably damaged in April 19 80 during 
sidewalk repairs in the area and FD-30B in' which a small 
stone became lodged in the riser tube during monitoring 
in April 1980. 

4.5.4 Concrete Modulus Testing 

The data reports obtained from H. G. Protze, Inc. for 
the concrete modulus tests performed on the cylinders 
obtained during the casting of the concrete liner seg- 
ments are presented in Appendix G. 

The cylinders that were obtained coincide to different 
pour days, different pours during the same day, and dif- 
ferent cure ages roughly corresponding to different 
ring installations. Therefore, the data have been sum- 
marized on Table 5 so that the modulus values obtained 
may be correlated with their respective ring segments. 

4 . 6 Interpretations and Conclusions 

Rock Movements 

Based on the data obtained for the movement of the MPBX anchors 
during tunnel construction, the rock movement that was measured over 
the crown of the tunnel excavation was relatively small in the areas 
of competent shale and sandstone bedrock. The movements recorded two 
to four feet above the crown at the first nine test section locations, 
except TS-8, ranged from 0.03 to 0.26 in. (Note MPBX-8 is not in- 
cluded since its installation was completed after the passage of the 
tunnel heading.) The movements recorded at MPBX-1 in the drill and 
blast section were the smallest observed during the project. This 
may be partially due to the fact that the top portion of this section 
of tunnel was first excavated (approximately 16 ft high) and the roof 
bolts were installed before the lower bench was removed. Since the 
initial opening was smaller than in the TBM driven tunnel, the stress 
redistribution around the tunnel and resulting rock movement may have 
been smaller. When the bench was removed, the additional stress which 
needed to be transferred was probably accomplished more uniformly and 
distributed further into the rock mass due to the rock bolts. 



The larger measured rock movements (MPBX-7 and 9) were measured 
in areas that were identified as possible fault zones. (The large 
movements recorded in MPBX-10 will be discussed below.) The large 
movements measured at MPBX-2, where no apparent fault zone was 
determined, may be partially due to start-up procedures and the 
early part of the learning curve for the tunneling crew which is 
inherent in every job of this type. 

The rate of the measured rock movement at the first nine MPBX 
locations appeared to be somewhat dependent on the rate of heading 
advance in the zone approximately 50 to 100 ft past the respective 
instrument locations. In all of these instruments practically all 
of the measured rock movement occurred as the heading passed through 
the 100 ft zone, with most of the movement measured as the heading 
advanced through the first 50 ft of the zone. For example, at 
MPBX-2 the tunnel heading advance was slower than at MPBX-7 and 
the measured rock movement also seemed to develop more slowly (see 
Figs. A-2 and A-7) . While the rate of movement seems somewhat de- 
pendent on the rate of heading advance, there was no apparent cor- 
relation of the magnitude of rock movement at the various instrument 
locations and the rate of tunnel advance. 

The reason for the apparent upward rock movement recorded at 
MPBX-5 cannot be readily explained. The movement appears to be 
attenuating toward the ground surface, and therefore, it is unlikely 
that the reference head is settling (see discussion Section 4.4). The 
movement also seemed to continue until the heading had progressed about 
175 ft past the instrument which is probably well past any influence 
due to the compressive forces' exerted by the TBM and before any ; 
grouting of the ring had taken place in the area. 

The rock movements which were measured over the tunnel crown 
were the most substantial at Test Section #10 as measured by MPBX-10. 
While a large percentage (approximately 80%) of the measured movement 
occurred as the heading progressed 100 ft past the instrument, there 
was some additional movement measured up to 1% months after the head- 
ing exited this zone. A small upward movement can also be observed 
as the tunnel heading approached MPBX-10. These phenomena were not 
present or as pronounced at the other MPBX locations and are most 
likely a result of the highly fractured and weathered nature of the 
shale and sandstone at Test Section #10, which is located in a major 
fault zone. The clay infilling in the numerous joints and apparent 
decomposition of a large portion of the shale rock mass would account 
for the larger movements and "creep" of the rock mass above the 
tunnel opening. 



-41- 



All ten of the MPBX's indicated that the measured rock move- 
ments attenuated proceeding upward from the tunnel opening. 

The rock bolt load cell data are also an indication of the 
relatively small rock movement and redistribution of most of the 
rock stresses fairly close to the advancing face- The lack of 
load pickup by the instrumented rock bolts may be a result of in- 
stalling the cells approximately one tunnel diameter behind the 
face, after most of the rock movement had taken place. This hypo- 
thesis is supported by the data from MPBX-1 which indicated that 
most of the downward rock movement had occurred by the time the face 
had reached Sta 8+50. In addition, the data from MPBX-1 also 
indicated that the rock movement at the roof of the tunnel was very 
small (on the order of 0.03 in.) and, thus, most of the rock load 
was probably redistributed by arching in the rock mass with very 
little load transferred to the rock bolts. 

Structural Liner Response 

The strain gages located on the precast concrete liner segments 
in most of the test sections measured relatively small strains in 
the liner at these locations. Therefore, it seems that during the 
monitoring period which this report covers, very little rock load has 
been transferred to these liners. This would tend to agree with 
the observations concerning rock movement which appeared to have 
essentially ceased before the liner installation was completed (i.e., 
peas tone and grouting) at each location to transfer the load. The 
major exceptions to this occurred at Test Sections 2, 6 and 10 where 
maximum compressive strains at the crown segment of over 500ye 
were recorded. A possible explanation of these trends is as follows: 

Test Section 2 : Only about 60% of the total rock movement 
had occurred at this location before Ring 15 was at least 
partially installed (i.e., some peastone, but no grout). 
Therefore, some load could have been transferred to the 
liner as the rock continued to move. 

Test Section 6 : MPBX-6 at this location indicated slight 
upward rock movement as the heading progressed. It could 
be possible that since no downward movements were recorded 
at this location the stresses induced in the rock close to 
the tunnel opening are higher than at most of the other 
locations, and therefore, more load is being transferred to 
this liner ring. 
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Test Section 10 ; The very large compressive strain ■ measured 

on the crown segment at this location can be correlated with \ 

the rock movements monitored by MPBX-10. Only about 50% of 

the measured downward rock movement had occurred at this 

location by the time instrumented Ring 1399 was installed 

and peas tone placed behind it. Evidently there has been 

substantial load transfer to the crown segment as the rock 

moves downward. Stress redistribution within the rock mass 

would also be less in this area due to the general poor 

quality of the rock. 

A trend which was generally noted in most of the strain gages 
was a decrease in tensile strain, which was initially acquired after 
ring erection, or an increase in compressive strain with time. By 
the end of the monitoring period, most of the gages were indicating 
compressive strain or were moving in that direction as the iLoads 
were redistributed around the ring. Ring 81 (Test Section 3) , which 
had a different installation procedure than the other eight instru- 
mented rings in that it was grouted immediately after erection, 
responded somewhat differently than the other rings during the 
early period following ring erection. It appeared as though the in- 
stallation of the grout at the earlier stage caused the ring to 
develop a more compressive load distribution sooner than the other 
rings which were instrumented. The earlier grouting did not seem to 
have an effect on the relative magnitude of the strains whiph were 
measured. 

Another indication of load redistribution in the instrumented 
rings can be seen in the tape extensometer measurements. Slight 
bending and/or shifting of the side segments is evident from the 
chord measurements, probably due to changes in the load distribution 
in the ring. 

Groundwater Response 

Based on the data collected during this project, it appears 
that the groundwater regime which exists along the project route is 
actually two separate hydrologic regions, one heavily influenced by 
the Connecticut River (Zone I) and one which is not (Zone I J) . The 
separateness of these regions or zones is seen in the fluctuations 
of the groundwater levels in Zone I coincident with the fluctuations 
of the Connecticut River level. This phenomena was not observed in the 
Zone II data. In addition, the Connecticut River appears to be acting 
as a supply reservoir for the Zone I area in that a much more rapid 
recovery of the piezometric levels in the rock after drawdown due 
to tunnel construction was observed in Zone I than in Zone II. 
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It was observed from the data collected during the tunnel 
advance that the groundwater drawdown due to tunnel construction 
typically occurred 300 to 500 ft ahead of the tunnel heading. 
The magnitude of the drawdown over the tunnel was also observed 
to decrease proceeding to the ground surface, similar to the draw- 
down adjacent to a pumped well. 

Instrument Performance 

In general, the instrumentation hardware utilized and moni- 
toring procedures followed for this project performed very well. 
The following discussions and recommendations are made to assist 
in the planning of future, tunnel instrumentation projects. 

• Based on the data collected for this project and supported 
by published data from other projects, measurement of 
total rock movement around an underground opening excavated 
using techniques similar to those employed on this project 
can only be made with instruments installed prior to exca- 
vation. Extensometers installed from within the tunnel 
would have been totally ineffective in measuring rock de- 
formation due to the tunnel operation since practically all 
of the movement would have occurred before the instrument 
could have been installed. In addition, extensometer in- 
stallation from within the tunnel causes delay for the 
contractor and instrument damage is much more likely. 

• Instruments employing electrical resistance monitoring systems, 
such as the rock bolt load cells used for this project, are 
not well suited for the adverse environment which is en- 
countered during underground construction. The wet, oily, 
grimy environment makes monitoring, maintenance and repair of 
this type of system very difficult since clean, dry splices 
and connections are mandatory. 

• An alternate electrical monitoring system employing vibrating 
wire technology performed very well in the tunnel environment. 
Since the parameter measured is frequency, and not resistance, 
measurements, modifications and repairs can be made in the 
field rapidly and easily because high quality splices and 
connections are not necessary. In addition, the vibrating 
wire strain gages employed on this project were easy to in- 
stall, fairly robust, and the surface-mounted gages could be 
replaced with little difficulty if other methods of repair 
were not satisfactory. 
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• It was found to be difficult to locate the embedded strain 
gages at an exact preselected location within the liner 
segment due to slight variations in the configuration of 
the rebar cage and their locations in the forms. A pre- 
fabricated jig which would position the gage relative to 
the forms could possibly be used in the future if more 
accurate gage locationing is found to be necessary. 

• It is recommended that piezometers installed from within 
the tunnel be placed in boreholes at least 3 in. in dia- 
meter to facilitate easier instrument placement and better 
seal installation. In addition, sustained water inflow 
from the borehole should be observed prior to placement of 
the instrument to ensure that water-bearing joints in the 
rock have been intercepted. 

• Machine excavation methods, such as those used on this 
project in which extensive trailing equipment follows 
directly behind the heading and extends back for a sub- 
stantial distance, do not allow for extensive or timely 
measurements of interior diameters and chord lengths. 
Interference from the trailing equipment on this project 
did not permit these measurements to be made until the 
tunnel heading had progressed about 300 ft past the in- 
strumented area. 

In addition, although the initial investment of this type 
of monitoring equipment may usually be less than more re- 
mote systems, the additional expense incurred during moni- 
toring due to the more time-consuming and laborious measure- 
ment more than offsets the lower initial costs for the in- * ^ 
strument hardware over the course of a project. 

• Finally, it is advisable to have some redundency in com- 
ponents of an instrumentation program which cannot be 
easily repaired or replaced during the life of the project. 
This would have been desirable on this project particularly 
with the embedded strain gages. 
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5. IN-SITU STRESS MEASUREMENTS BY OVERCORING 



5 . 1 Introduction 

The purpose of this section of the report is to present re- 
sults of measurements of in-situ stresses by the use of the bore- 
hole deformation gage and overcoring technique in a bed of sand- 
stone which is intersected by the Park River Auxiliary Conduit. 
The tests were performed 183 to 195 ft below the ground surface. 

Two holes were drilled in a 3-ft sandstone bed which strikes 
north and dips 16 degrees to the east. The holes were drilled at 
45° to the axis of the tunnel (see Fig. H-l) . OC-1 at Sta 9+30 
was drilled S4 5°W and inclined 11 degrees below the horizontal. 
The holes were drilled to a length of 30 ft. Each measurement 
consisted of deformation readings on three axes 120° apart from 
each other in a plane normal to the axis of the borings. Mea- 
surements were planned for four depths in each hole, but all were 
not possible due to rock fracture. Two measurements in Boring 
OC-1 gave suitable information. No further tests were possible in 
OC-1 since a joint dipping parallel to the axis of the borehole 
continued for the last 6 ft of the test hole. One test in Boring 
OC-2 gave suitable information out of four tests attempted. The 
other tests failed due to rock fracture, instrument malfunction, 
and a shut off of the drilling water supply. 

Moduli of elasticity of the rock were measured on two annular 
cores from Boring OC-1 and one annular core from Boring OC-2. These 
moduli were used with the measured deformations and published 
formulae to compute the magnitude and direction of the largest and 
smallest principal stresses in the plane perpendicular to the axis 
of the boring. 

The tests were carried out by Geotechnical Engineers Inc. and 
the drilling was performed by Guild Drilling Co., East Providence, RI . 

5 . 2 Method of Measurement 
5.2.1 General 

The overcoring technique consists of three phases: 

a. Measurement of borehole deformation during over- 
coring. 
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b. Determination of the modulus of elasticity of 
the rock, for rebound to zero stress, preferably 
at the point of measurement. 

c. Calculation of stresses using the theory of linear 
elasticity and the measured deformations and 
raodul i . 

5.2.2 The Overcoring Technique 

A 6-1/4-in. thin-wall core barrel was used to reach 
the desired depth. A 6-in. long EX core barrel, 1.5- 
in, O.D. was then placed on a centering device and a 
pilot hole drilled. A 30-in. EX barrel was then used 
to take 30 additional inches of core. The recovered 
EX core was examined to determine whether the rock was 
sufficiently free from defects to attempt stress mea- 
surement. In Boring OC-1 at the locations of Tests 
1 and 2, the quality of the core was such that condi- 
tions were considered adequate for stress measurements. 
In Boring OC-2, all of the EX core was so fractured 
and the recovery so low that no measurement would have 
been attempted if the quality of the EX core alone was 
considered. In all of the ensuing attempts of measure- 
ment, the rock fractured. In Test 3, rock fracture 
damaged the borehole gage and in Test 4 malfunction of 
the replacement gage prevented measurement. Table 6 
is a summary of the tests attempted for this study. 

The borehole gage was inserted into the EX hole using 
setting rods. These rods were used to orient the measuring 
points and for measuring depths accurately. In the tests, 
the gage was positioned so that the measuring points 
were at least 9 in. beyond the end of the 6-in. overcore 
barrel. The drilling rig was capable of an 18-in. stroke 
without resetting. Where a measurement point was more 
than 9 in. beyond the kerf of the 6-in. overcore barrel, 
an initial short cut was made and the machine reset to 
overcore the measurement point without stopping. 

Overcoring with the 6-in. thin-wall core barrel was then 
carried out at a rate of about 1 inch per minute. Read- 
ings of deformation on three axes 120° apart in the plane 
perpendicular to the axis of the boring were taken con- 
tinuously until the core barrel was about 9-in. below the 
measuring points, until the readings stopped changing 
rapidly, or until core breakage or other coring abnor- 
mality necessitated stoppage to prevent damage to the 
borehole gage. 

W 
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The borehole gage used was the standard borehole gage 
as developed by USBM and constructed by Terrametrics , 
Inc. with the elongate case which provides springs at 
the front as well as the rear of the gage. The gage 
calibration was supplied by Terrametrics and confirmed 
by Geotechnical Engineers Inc. Readout was measured 
with a BLH Model 1200 Strain Indicator using a Model 
1225 Switching and Balancing Unit {see Photo 11) . 
Another Model 12 00 strain Indicator with battery supply 
was on hand for backup use. It was used in an attempt 
to eliminate fluctuation of readout as observed in OC-2, 
Test 2. The fluctuation was not eliminated by using the 
independent power supply. 

Figs. H-2 through H-4 are the data obtained during the 
overcoring operation. 

5.2.3 Determination of Rock Modulus 

Determination of the modulus of elasticity of the rock 
was made by placing the overcored section of rock within 
a biaxial cell (as furnished by Terrametrics, Inc.) 
and applying radial stresses while measuring the rock 
strains by means of the borehole gage placed within the 
core at the same point as when the in-situ overcoring 
took place (see Photo 12) . See Figs. H-5 through H-13 
for the biaxial test results. In the case of OC-2, 
Test 2, fracture of the rock core necessitated obtaining 
the modulus at a point on the core 10 inches deeper in 
the hole. There was no observable difference in the 
sandstone. The modulus was calculated using the un- 
loading portion of the curve. 

5.2.4 Calculations 

The change in borehole diameter read by means of the strain 
indicator (plotted on Figs. H-2 through H-4 as indicator 
units, R) is multiplied by the calibration factor (K, in 
micro inches, see Table 7) to determine the diameter 
change, U, in the three directions of measurement. These 
directions are 60 degrees apart in the plane of measure- 
ment which is perpendicular to the borehole axis. The 
values for U^, L^/ and U3 , and the modulus of elasticity 
derived from the biaxial tests on the overcored and re- 
covered segment of rock are the basis for the determina- 
V tion of the maximum and minimum stresses in the plane 
perpendicular to the borehole. ■ 
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Equations based on the analysis of Obert and Duvall 
Rock Mechanics and the Design of Structures in Rock , 
Wiley, New York, 196 7, are used to determine the 
magnitude of the stresses and the orientation of the 
principal stress axis. The equations used in this 
report are as follows: 

1/2 

% = h (U 1 + U 2 + V + ~2 {(U 1 - V 2 + (U 2 ~ V 2 + (U 3 " U l )2} 
% = Id (U 1 + °1 + D 3> " 4 {(U 1 - U 2 )2 + (U 2 ~ V 2 + (U 3 - U l )2}1/2 



where P c is the maximum normal stress (psi) ; 

E is the modulus of elasticity (psi) ; 

d is the "EX" hole diameter (inches) ; and 

U, ,U 2 ,U are measurements of diametral deformation 
along three axes 6 0 degrees apart. De- 
formation (inches) is positive for in- 
creasing diameter during overcoring; 

Q c is the minimum normal stress (psi) . 

The orientation of the principal stress axis is calculated 
from: 

6~ ~ arc tan -i-^n n f — r 

P" 2 (2U 1 - U 2 - U 3 ) 

where 6 is the angle from the axis (positive in 

^ a counter-clockwise direction) to the 
major principal stress. 

The modulus of elasticity for each of the : three axes 
is calculated individually from: 



E = 



(4ab 2 ) (AP) 
(b 2 - a 2 ) (AU) 



where E is the modulus of elasticity (psi) ; 

a is the radius of the "EX" hole (inches) ; 

b is the radius of the core (inches); 

AP is the change in applied pressure (psi) ; and 

AU is the change in diameter during the pres- 
sure increment. (AU - AR x K) 
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5.3 Conclusion r 

Table 8 shows the major (P ) and minor (Q c ) stresses in the 
plane of measurement for each of the tests (see Fig. H-l) . It 
also gives the bearing of the principal stress, as measured counter- 
clockwise from vertical in the plane of measurement. 

The values are lower than those determined by overcoring per- 
formed from the surface in a prior testing program in which the 
average value was 452 psi. The lower values may result in part 
from measurements at less than one diameter from the tunnel. The 
different values measured may also reflect the effect of the joint 
system and adjacent blasting in the tunnel. (A nearly vertical 
joint with horizontal striations was found between the sites of 
the two tests in OC-1 and water began to flow from the borehole 
at about 1 gal per minute before Test 2 was made.) 
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6. PHOTOGRAPHIC GEOLOGIC DOCUMENTATION 



6 . 1 General 

As described in Section 3.2, the excavation of the Park River 
Auxiliary Conduit employed the use of a fully shielded tunnel boring 
machine in whose shielded tail precast concrete tunnel liner rings 
were erected before the tail shield was advanced. As a result, the 
excavated bedrock surface could only be observed along the invert of 
the tunnel prior to the installation of the invert segment for each 
precast liner ring. At best, this would permit a geologist or 
engineer, who would need to be present at the tail of the TBM at all 
times during tunnel advance, to briefly view the muck coated rock 
surface at the invert and perhaps sketch or photograph any observable 
features before an invert segment were placed. Therefore, at the 
start of the project is was decided by the project team to design and 
operate an automatic system to photographically record a small por- 
tion of the geology which was encountered along the tunnel route, 
near the tunnel springline. 

The following sections of this report describe the system that 
was designed and used and the operation and maintenance procedures 
which were performed, discuss the results which were obtained with 
reference to the photographs presented in Appendix I, and present 
conclusions and recommendations concerning the use of similar systems 
in the future. 

6 . 2 Design and Installation 

The photographic system which was used was composed of two 
separate but dependent systems: the protective and external power 
system and the actual photographic equipment which recorded an image 
of the exposed rock surface. 

The protective housing and power system was designed and built by 
the Robbins Co. in conjunction with GEI . The protective housing 
basically consisted of a two-section, steel box about 24-in.-high x 
35-in.-wide x 40-in.-long fabricated of 1/4-in. -thick steel plate. 
The housing was welded to the inside skin of the TBM near the front 
right side of the TBM at approximately the tunnel springline, see 
Fig. 33. An approximate 23-in. x 34-in. hole was cut in the shield 
prior to the housing installation to provide visual access to the 
rock surface. 

The front portion of the housing (see Fig. 34 for a cross- 
sectional sketch of the camera housing) included a hydraulically 
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operated steel door in front of the opening in the shield to keep 
the inside of the housing free of TBM cuttings when photographs 
are not being taken. Water spray jets were mounted on top of the 
housing in front of the door to wash the rock surface just prior 
to obtaining a photograph. An access door was also present to 
permit periodic clean out of any muck which may have entered when 
the protective door was open. 

The rear portion of the housing was sealed from the front por- 
tion and the surrounding environment so that it was essentially 
dust and moisture proof. This is where the photographic equipment 
was located. The front face of the rear housing was plate glass 
through which the photographs were taken. A locking trap door 
permitted access to the photographic equipment. The camera was 
mounted in the rear portion of the housing using rubber isolation 
mounts to limit the transmission .of TBM vibrations to the rather 
delicate camera equipment. 

The photographic equipment which was used for this system 
included: 

1 NIKON F2 camera body 
1 NIKKOR 28 mm, f 3.5 lens 



1 NIKON M2 motor drive 



1 NIKON MF-1 250 FJ?.ame, film magazine back 

1 NIKON MA-4 AC/DC Converter 

2 SUNPAK 411 variable power flash units with AC 
adaptors 



The film utilized for the entire project was Kodak Vericolor 
II 5025, ASA 100, color print negative film which was obtained in 
bulk and then loaded into the 250 frame film cassets in a dark room. 



The advance of the TBM was monitored by a telescoping proxi- 
mity switch with a six-foot stroke. As the TBM advanced every two 
feet, the camera system would be triggered by the proximity switch 
and a photograph would be taken. The field of view of the camera 
was about 2*j-ft-wide x 2-ft-high so that there would be some over- 
lap along the axis of the tunnel and a continuous photographic 
strip would be obtained. The sequence of operation of the photo- 
graphic system proceeded as follows: 
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1. After the TBM had advanced 2 ft, the water jet spray 
would be activated for 10 seconds to clean the rock 
face and front of the housing door. 

2. After 10 seconds, the spray would shut off and the 
steel door would open. 

3. Seven seconds later the camera and flash system would 
be activated and a photograph obtained. 

4. After the photograph was obtained, the steel door would 
close and the film would advance. 

5. After the TBM advanced another 2 ft, the procedure would 
be repeated. 

6 . 3 O peration and Maintenance 

In general, the camera system performed well, considering the 
relatively hazardous environment for this type of equipment and 
the fact that the camera was checked on the order of only two to 
three times a week. The operation of the system involved three 
basic activities: (1) reference exposure stationing, (2) film 
changing, and (3) maintenance. 

Reference exposures were established by means of taking 
several exposures per roll with the lens cap in place at a known 
station. The station was determined by summing three dimensions 
obtained prior to the reference exposure. The three dimensions, 
recorded to the nearest tenth of a foot were (1) segment number 
(from which the station of the leading edge was calculated) , (2) 
segment to TBM (leading edge of segment to rear of TBM) , and (3) 
stroke dimension (accounting for variable extended length of the 
TBM) , see Fig. 33. Stationing of the leading edge of the segment 
was corrected every 100 segments from data provided by Roger J. Au 
& Son, Inc. Reference exposures were taken on an alternating se- 
quence of one and two exposures to reduce the ambiguity of the 
station corresponding to the reference exposure. 

The method employed to assign stations to bedrock exposures 
between the reference exposures was basically a process of elimi- 
nation. Reference exposures were identified by roll number, date 
and known station on each contact sheet. Duplicates and overlaps 
were then distinguished and so identified. Stations were then 
assigned {to the nearest foot) to the bedrock exposures using the 
following incremental increases: two feet for each valid exposure, 
one foot for each overlapped exposure, and zero feet for each dup- 
licate exposure. 
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Film changing generally occurred as often as necessary and 
averaged twice per month. Initially the camera was dismounted 
from the housing, brought to the ground surface, reloaded, and 
then remounted back in the housing. This procedure was abandoned 
because it proved to be time consuming and posed a greater threat 
of damage to the camera during handling. Subsequently, ,the film 
was loaded with the camera mounted in the housing during TBM 
operations. This scheme, while more difficult to execute, exposed 
the camera to less dust and water than the previous scheme. After 
the film was reloaded, a series of exposures were taken to advance 
the exposed film onto the winding cassette and ensure proper ad- 
vancement of the film. Occasionally the film would fail to advance 
properly at the beginning of the roll and some photographic coverage 
would be lost until the problem was corrected. While the magazine 
back was opened for film changing, the interior of the camera was 
inspected for any dust or moisture accumulation. 

The maintenance performed on the system during operation pri- 
marily involved cleaning the glass window in front of the lens and 
changing the dessicant in the housing. The glass window separating 
the front and rear portions of the housing was subject to moisture 
from the water spray and dust generated during TBM operations. 
Each time a reference exposure was taken the window would be in- 
spected for any dirt accumulation and cleaned if necessary. The 
window was cleaned with paper towels from the access opening in 
the front portion of the housing. Hydraulic pressure to the cy- 
linder operating the outside door was secured by a needle valve to 
prevent injury from the door opening while cleaning the window. 
The needle valve also served to regulate the rate at which the door 
opened and closed during normal operation. Occasionally, TBM 
cuttings had to be removed from the front portion of the housing. 

Three one-pound sacks of silica gel were used as a dessicant 
in the housing. The sacks were placed loosely in the rear portion 
of the housing, located generally at opposite ends to absorb any 
moisture present. There were two sets of three used, one set in the 
housing and one set drying in the oven for re-use. The dessicant 
was changed approximately once a month, more often if moisture be- 
gan to accumulate within the housing. Most of the moisture present 
within the housing was due to perspiration of the operator during 
maintenance in the relatively humid environment. 

In late December 1979 tunnel advancement ceased for the holidays. 
This corresponded to approximately Sta 30+00. All of the photo- 
graphic equipment was removed and professionally cleaned and checked. 
Following the cleaning, the camera equipment was reinstalled and photo- 
graphing resumed as tunnel advance continued. The photographic system 
continued operating until about Sta 96+5 5 when clay from the large 
fault zone in this area squeezed past the protective steel door and 
shattered the glass window at the rear portion of the housing. 
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During the TBM advance from the discharge to inlet shaft, 
approximately 23 rolls of 250 exposure film were used for the 
geologic documentation. 

6 . 4 Results and Interpretation 

Overall, the automatic photographic system resulted in ap- 
proximately 75% coverage of the exposed bedrock surface of the 
tunnel springline in the nearly 8800 ft excavated by the TBM. 
Approximately 5% of these exposures were taken with the glass 
window between the camera and tunnel wall fogged or otherwise not 
clear enough to distinguish many features of the bedrock. Gen- 
erally, the interpretations of the exposures can be subdivided 
into three categories: (1) those exhibiting geologic features, 

(2) those exhibiting excavation features (inherent in the method 
of construction) and (3) those exhibiting functional features 

(characteristic of the system) . Dip angles were measured with 
respect to the frame of the f ilm assumed horizontal J. The photo- 
graphs referred to in the following discussions are presented in 
Appendix I along with brief interpretive captions for each photo- 
graph . 

Geologic Features 

In the first category, features such as fractures, jointing, 
bedding and certain lithology can be distinguished. Photo 1-1 
taken at Sta 9 6+01 is an example of fractures which appear near 
the fault zone encountered at Sta 96+65. This exposure appears 
to be gray shale, fractured, with fines present on the brecciated 
surfaces. There is no readily apparent dip to the bedding evident 
in this exposure. Another exposure which appears to have been 
taken near a fracture zone is Photo 1-2. This exposure was ob- 
tained at Sta 91+32 and appears to be calcite-healed breccia in 
contact with gray sandstone at an apparent dip of 19° to the east. 
Two parallel calcite-healed joint sets appear, one set approximately 
perpendicular to bedding with an apparent dip of 71° to the west, 
the other approximately 25° to bedding with an apparent dip of 4 3° 
to the east. These parallel sets are interpreted as short tension 
joints resulting from fault movements. An additional example of 
jointing appears in Photo 1-3. This exposure was taken at Sta 3 8+72 
and appears to be an interbedded sandstone in contact with red 
shale at an apparent dip of 14° to the east. At the upper left and 
right center of Photo 1-3, cross bedding jointing features are 
evident at apparent dips of 82° and 86° to the west, which is ap- 
proximately perpendicular to bedding. 
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Bedding features are among the most common encountered in 
the exposures and are more readily distinguished where contrasting 
colors exist in the bedding. For example, Photo 1-4, taken at Sta 
65+66, appears to be an interbedded sandstone/gray shale in contact 
with gray shale. Bedding has an apparent dip 15° to 18° to the 
east and exhibits interbeds of contrasting color. However, in 
Photo 1-3 the bedding of the red shale would be difficult to deter- 
mine if it were not in contact with the sandstone. In Photo 1-4 
the third and fifth water nozzles are spraying water but the bed- 
ding structure is still evident. 

Distinguishing lithology in the exposures can be very diffi- 
cult, particularly if no samples were obtained at or near the 
exposure location to verify interpretations. For example, Photo 
1-5, taken at Sta 62+01, appears to be maroon shale with calcite 
stringers parallel to the bedding. This observation agrees with 
rock core samples obtained from MPBX-8 at Sta 61+19. On Photo 
1-5, the three calcite stringers which are evident have apparent 
dips of 19°, 11° and 7° from top to bottom, respectively. On the 
other hand, Photo 1-6, taken at Sta 53+4 3, could be interpreted as 
red shale or red sandstone. No sampling was performed at or near 
Sta 53+4 3; hence, it is more difficult to verify the lithology. 
Structural features, however, can be measured. The apparent dip 
of the calcite stringer is 19° to the east. The dark spots which 
appear generally to lower left are an accumulation of dirt on the 
glass between the camera and tunnel wall. 

The sedimentary structure of the exposed bedrock in Photo 1-7, 
taken at Sta 21+66, is a useful characteristic by which to visually 
identify the geologic origin of the lithology. In contrast, Photo 
1-8 (Sta 86+76) has few structural characteristics evident by which 
the geologic origin might be interpreted. Rock core sampling per- 
formed at boring FD-14T provided samples identified as basalt. 
Based upon the visual appearance alone, Photo 1-8, without the 
sample information, could be falsely identified as gray shale. 

Excavation Features 

The second subdivision in the interpretation of the exposures 
can be generally described as those exposures exhibiting features 
inherent in the method of excavation. As expected and observed 
in unlined portions of the TBM advanced tunnel, near-vertical 
striations appeared, some more evident than others, in a good por- 
tion of the exposures. These near-vertical striations are due to 
the gage cutter (outermost on cutterhead) shearing into the rock 
and leaving behind, the imprint of its path (see Photo 1-9) . Photo 
1-9, taken at Sta 2 3+36, appears to be of red shale with bedding 
with an apparent dip of 14° to the east. The distance between the 
near-vertical striations indicates the forward advancement in one 
revolution of the entire cutterhead. 



The next most notable characteristic intrinsic to the system 
was the result of not fully extending the TBM to its six-foot 
stroke. The proximity switch was, based upon the .assumption that 
three exposures would be taken and a full six-foot stroke would 
be completed before regripping. Any stroke short of six feet 
would fail to trigger the system at the last two-foot interval. 
After regripping, the proximity switch would trigger the system 
at less than two feet from the exposure taken prior to regripping. 
The result of this premature regrip was that frequent overlaps 
and duplicates would appear on the contact prints (see Photo I-14A) 
During the stationing process these duplicates and overlaps were 
taken into consideration in order to assign the correct station to 
each exposure. 

To further exemplify features commonly appearing in the ex- 
posures which were due to TBM tunneling see Photo 1-10. The lighte 
area in the center of the photo appears to be muck pressed against 
the tunnel wall as a result of the forward shield dragging muck 
between the exposed bedrock and the shield. To the left of the 
smeared muck there are several cutterhead striations visible. The 
rock appears to be red shale with no structural features evident. 
There is some accumulation of dirt on the window between the camera 
and tunnel wall. 

Another feature which appeared to be due in part to the TBM 
operation and in part to the rock excavated, was overbreak. Al- 
though appearing rather infrequently and to variable extent, Photo 
I- 11 taken at Sta 15+62 is an example of what overbreak features 
were recorded by the photo documentation. To the right of the 
photo is the intact bedrock surface as excavated by the TBM. To 
the left is an overbreak approximately 18-in.-long, 9-in.-wide, 
and perhaps 6-in.-deep occurring in red shale. The overbreak has 
an apparent dip of 12 to the east. To the upper left muck appears 
to have been smeared by the front shield against the bedrock sur- 
face . 

Functional Features 

The third subdivision in the interpretation of the exposures 
can be described as features associated with the system used, or 
functional features. The most notable feature appearing in the 
exposures was the water spray (see Photo 1-12) . Attempts were 
made to correct this problem which only resulted in completely 
terminating the water spray. This was undesirable because the de- 
tail concealed by the water spray is by far less than the detail 
concealed by the muck. For instance, in Photo 1-12, taken at Sta 
72+44, the third and fifth water jets are spraying the 
lower portion of the exposed bedrock surface under each nozzle 
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and what appears to be a bed of sandstone is exposed. However, 
the left and upper portions of exposed bedrock appear to be 
coated with a thin film of muck which concealed the detail under- 
neath. The near-vertical shaded feature just to the left of the 
center of the exposure is a streak of dirt on the window between 
the camera and tunnel wall. The exposed bedrock which has been 
sprayed appears to be an interbedded sandstone with an apparent 
dip of 16° to the east with calcite-healed cross bedding fractures 
at an apparent dip of 69° to the west in contact with what appears 
to be red shale. 

Another characteristic contained in the exposures related to 
the system used was condensation on the window between the exposed 
bedrock and the camera, see Photo 1-13. It is uncertain whether 
this moisture was groundwater occasionally present and leaking into 
the forward portion of the housing or due entirely to the water 
spray. The exposure appears distorted or out of focus but certain 
features such as the apparent dip of the bedding are evident. The 
rock appears to be interbedded with an apparent dip of 15° to 17° 
to the east; however, the rock type cannot be distinguished. 

An additional characteristic related to the system was exposures 
of the hydraulically operated door protecting the camera between 
exposures. In two separate instances the mount providing the re- 
action for the cylinder which opens the door (see Fig. 34) failed 
for unknown reasons and resulted in a series of exposures of the 
door (see Photo I-14B) . The first occurrence went undetected for 
approximately one week and was repaired shortly thereafter. In 
the process of repairing the mount, the hydraulic hoses were dis- 
connected from the cylinder and later connected in reverse order 
resulting in the door remaining open between exposures and closing 
immediately before an exposure was taken. This error produced a 
series of exposures of the door and was detected and repaired in 
approximately one week. Another circumstance involving an electri- 
cal malfunction also produced a series of exposures of the door. 
When the contact sheets for the last roll of film were examined, 
an interesting occurrence was observed (see Photo I-14C) . 
Apparently, when the TBM encountered the fault zone at approximately 
Sta 96+64 (heading station) , the thrusting force of the TBM ex- 
truded some of the clay around the cutterhead and against the pro- 
tective door. The clay then pushed the door down and fractured the 
glass between the camera and tunnel wall. 

Of the nearly 8800 ft of TBM advanced tunnel, approximately 25% 
of the coverage is not useful (repeat photographs of door) or was 
otherwise not obtained for any of the following reasons: 



\ 
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1. Occasionally after reloading the film and advancing 
exposed film into the winding cassette, the film would 
jam in the camera and remain undetected until the 
next reference exposure was taken (usually the next 
day), thereby losing coverage of any advancement which 
had taken place in the interim. 

2. Occasionally too many exposures were taken at a given 
interval resulting in the film running out before re- 
loading. 

3. The flash units not fully synchronized with shutter 
thereby producing a dark exposure. This was due to 
the synchronization plug from the flash to the camera 
loosening from the camera because of the extreme 
vibrations transmitted from the cutterhead. 

4. Difficulty remounting the camera after reloading. 

5. Approximately 300 ft at the start of the TBM tunnel 
was not taken due to installation delays and debugging 
of the system. 

6 . 5 Recommendations and Conclusions 

Based upon viewing approximately 4500 contact prints, most 
of which were of the exposed bedrock surface at the springline a 
excavated by the TBM, the following conclusions can be made in 
regard to the geologic photo documentation system used for this 
project: 

1. Automated photo documentation is better suited toward 
identifying structural characteristics of exposed 
bedrock rather than identifying specific or even 
general lithology. 

2. Certain structure can be distinguished and apparent 
dip angles of joints, joint sets, fractures and faults 
can be measured. 

3. The color of the exposed bedrock can be misleading and 
is particularly vulnerable to inconsistencies in 
development processes. 

4. Water spray jets are an effective means to rid the 
exposed bedrock surface of fines which may conceal 
structural features. 
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5. The use of photo documentation to record geologic 
features encountered during advancement of machine 
bored tunnels is feasible. 

The following recommendations concerning the use of an 
automated photo documentation system to record bedrock units can 
be made based upon experience gained in the process of executing 
this project: 

1. A combination of sampling and photos of exposed bed- 
rock should be used to document lithological units. 

2. Any protective device (door) should be designed to, or 
be constructed of materials which would permit photos 
to be taken even when in place. 

3. Stationing systems should be designed into shutter 
actuating mechanisms, perhaps by means of a wheel in 
contact with the bedrock surface calibrated to actuate the 
system and provide a record of the actual advancement 
which has taken place. 

4. In order to view from left to right (i.e., in the 
direction of tunnel advance) the finished contact 
prints of continuous photographic coverage, the 
camera must be situated such that the film travels 
through the camera in the same relative direction as 
advancement. This would have been accomplished if it 
had been possible to mount the camera on the other 
side of the TBM as originally intended. 

5. Water spray nozzles should be designed to wash the 
entire surface of exposed bedrock to be photographed. 

6. The system should be as isolated as possible in terms 
of dependence upon the TBM for sources of water, 
hydraulic pressure, etc. 
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TABLE 1 - INSTRUMENTATION SUMMARY 



PARK RIVER AUXILIARY TUNNEL 



Test Section 
No. 


Station 


Instruments Used 


1 


8+20 


1 - 
12 - 


MPBX 

Rock Bolt Load Cells 


2 


11+32 


3 - 
4 

1 - 

4 - 


MPBX 

Surface Vibrating Wire Strain Gages 
Embedded Vibrating Wire Strain Gages 
Vibrating Wire Piezometer 
Tape Extensometer Points 


3 


15+25 


Same 


as 


2 


4 


24+00 


Same 


as 


2 


5 


2 7+00 


Same 


as 


2 


6 


43+50 


Same 


as 


2 


7 


58+55 


Same 


as 


2 


8 


61+19 


Same 


as 


2 


9 


91+00 


Same 


as 


2 


10 


95+54 


Same 
4 - 


as 2 except for 

Surface Vibrating Wire Strain Gages 



Geotechnical Engineers Inc. 



Project 77382 
August 1980 



( ( 



TABLE 2 - STRAIN GAGE LOCATIONS (1> 

PARK RIVER AUXILIARY TUNNEL 



Ring 


Lsadi no Prinp 


Tncf ti liTionl- 

X 11 O L- J. LULldl <_ 








HI* 


Invert 


No. 


Station 


Station 


(Seg. #4, Crown) 


(Seg. #2, Right) 


(Seg. #3, Left) 




Elevation 


15 


11+31.37 


11+29.08 


1°-50'RT 


7n°— 94 * RT 1 
/ U i c ± til 


17'TT 
Do — j / Li 1 


b .42 


- J.4 / . 20 


81 


15+31.09 


15+28 . 28 


1°-10'RT 


17 1 RT 
D4 — O / 1*1 


c"7^ It m 
O / ~ J :? J-i 1 


5.15 


-144 . 60 


225 


24+02 .00 


23+99. 71 


0°-57 ' RT 


ft"?^- Id ' RT 
do r\l 


1 7 1 T T 

Ofi —J. -j Jj 1 


D . J4 




275 


2 7+04. 14 


27+01.85 


0°-45 ' RT 


fi^ 1 ^— 9 1 * RT 
l;-> ^1 1\1 


D_> ~ 4«£ Lil 


5. 14 


-1 3 / . 01 


548 


43+53.83 


43+51.54 


0°-52'RT 


65°-36'RT 


60°-48'LT 


5.20' 


-126.27 


797 


58+59.07 


58+56.78 


l°-10'IiT 


64°-13'RT 


60°-56'LT 


5.11' 


-117.69 


840 


61+19.01 


61+16.72 


0°-20'RT 


65°-07'RT 


60°-51'LT 


5.20* 


-116.11 


1324 


91+02.98 


91+00.69 


2°-05'RT 


63°-13'RT 


60°-05'LT 


5.08' 


- 98.91 


1399 


95+57.47 


95+55.18 


1°-37'RT 


74°-28'RT 


69°-16'LT 


7.31' 


- 96.30 



*Refer to Fig. T-l for angle and dimension locations. Data provided by Roger J. Au & Son, Inc. 
(1) AJJ invert embedded gages located 1.2' left of center of segment, 3.3' from leading edge. 
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LEADING EDGE 
STATION - 



HEADING 



SURFACE GAGE 



-EMBEDDED GAGE 



INSTRUMENT 
- STATION 





INVERT 
ELEVATION 




NOTES 



NOT TO SCALE 

REFER TO TABLE 2 FOR 
ANGLES, DIMENSIONS a STATIONS 
OF EACH INSTRUMENTED RING. 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


STRAIN GAGE LOCI 
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TABLE 3 - MAXIMUM MEASURED MPBX . MOVEMENT 
PARK RIVER AUXILIARY TUNNEL 



MPBX 
No. 



Maximum Downward Movement 



Anchor 
1 



Anchor 
2 



Anchor 
3 



Anchor 
4 



Anchor 
5 



Anchor 
6 



1 (TS-1) 

2 (TS-2) 

3 (TS-3) 

4 (TS-4) 

5 (TS-5) 

6 (TS-6) 

7 fTS-7) 

8 (TS-8! 

9 (TS-9) 



1) 
1) 
1) 
2) 
2) 
2) 
2) 

!,3)f 
2) 



10 (TS-10) 



0.029 
0.262 
0.162 
0.065 

-0.033 
0.067 
0.180 

-0.015 
0.207 
0.624 



0.026 
0.234 
0.163 
0.031 

-0.033 
0.001 
0.117 

-0.013 
0.179 
0.281 



0.019 
0.208 
0.146 
0.025 

-0.025 
0.025 
0.071 

-0.004 
0.008 
0.182 



0.016 
0.121 
0.132 
0.018 

-0.025 
0.023 
0.077 
0.011 

-0.004 
0.065 



0.005 
0.022 
0.018 

0 

-0.015 
0.015 
0.043 
0.013 

-0.018 
0.042 



0 

0.010 
0.005 
0.013 
-0.006 
-0.014 
0.019 



NOTES: 1) Relative to Anchor #6 

2) Relative to Reference Plate 

3) Installation completed and initial Anchor #1 
reading obtained after passage of Anchor #2 
tunnel heading Anchor #3 



Anchor Locations Above Crown 



2.0 to 3.7 ft 
3.9 to 5.3 ft 
6.8 to 9-0 ft 



Anchor #4: 
Anchor #5: 
Anchor #6: 



10.9 to 15.7' 
19.8 to 26.7' 
46.7 to 61.6' 
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TABLE 4 - MAXIMUM MEASURED STRAIN (y IN. /IN.) 
PARK RIVER AUXILIARY TUNNEL 



Ring No. 


Strain Gage Designation^"' 


IE 


2S 


2E 


3S 


3E 


4S 


4E 


15 <TS-2) 


-19 

+52 


+157 


-57 
+41 


-126 
+ 18 


- 66 
+ 23 


+538 


- 26 
+ 54 


81 (TS-3) 


+109 


- 45 
+ 31 


+237 


- 37 
+ 75 


+155 


- 13 
+168 


+ 87 2) 


225 CTS-4) 


+ 28 


- 50 


- 3 

+ 22 


- 53 
+136 


- 13 
+ 18 


4) 


- 5 
+ 54 


275 (TS-5) 


-351 


- 26 
+ 53 


- 29 


- 31 
+ 24 


- 32 


+129 


+ 44 
(+229) 


548 (TS-6) 


- 68 
+ 34 


- 42 
+ 34 


_4) 


+ 52 


+105 


+514 


+165 


797 (TS-7) 


- 38 

+ 91 



- 56 
+ 50 


+ 78 


- 14 

+162 


- 4 

+ 61 


+152 


+ 95 


840 (TS-8) 


- 6 
+ 14 


+164 


- 49 
+ 5 


+131 


+ 23 


+ 99 


+ 43 


1324 (TS-9) 


-142 
+ 56 


- 66 


- 31 
+ 9 


- 59 


- 51 


+ 90 


- 37 


1399 (TS-10) 


-429 


- 43 
+ 10 


- 18 
+ 16 


- 5 


- 22 


+1609 


_4) 



NOTES: 1) Gages designated as follows: 1 - Invert; 2 - Right; 3 - Left; 4 - Crown; S - Surface; 
E - Embedded; (2E - Embedded gage, right segment). 

2) Gage damaged, not monitored for complete period. 

3) Questionable reading. 

4) Gage damaged. 

5) Approximate equivalence 4 psi/microstrain 
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TABLE 5 - CONCRETE MODULUS TEST SUMMARY 
PARK RIVER AUXILIARY TUNNEL 



Test Date 


Cylinder 


„. 1> 

Corresponding 


Modulus of 


Compressive 






D "1 -B-lrt C J"!! 1 ^ Ilia b-> ^ 


Elasticity 


Strength 








(psi) 


(nsi) 


Q_~l 7_7Q 


T 
■L 


XI) — i f 


j. / x 10- 


7630 




TT 

J. J. 




3.8 X 10 


7990 


10-19-79 


I 


81-2, 81-4 


6 

4.0 X 10" 


7780 




TT 


ox— x, ox— J 


4.0 X 10 


7730 


12-13-79 


I 


225-2, 225-4, 275-2, 


4.1 x 10 


8200 






275-4 








II 


225-1, 225-3, 275-1, 


4.0 x 10 6 


8480 






175-3 






3-7-80 


III 


548-2, 548-4 


3.8 x 10 6 


8550 




IV 


548-1, 548-3 


3.9 x 10 6 


8480 


4-11-80 


III 


797-2, 797-4, 840-2, 


3.4 x 10 6 


8210 






840-4 








IV 


■-»•. 797-1, 797-3, 840-1, 


4.0 x 10 6 


7470 






840-3 






7-25-80 


III 


1324-2, 1324-4, 


4.5 x 10 6 


9240 






1339-2, 1399-4 








IV 


1324-1, 1324-3, 


3.9 x 10 6 


8520 






1399-1, 1399-3 







NOTES; 1) 81-2 signifies Ring 81, Segment 2 
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TABLE 6 - SUMMARY OF OVERCORING TESTS ATTEMPTED 



PARK RIVER AUXILIARY TUNNEL 



Boring 


Test 
No. 


Depth of 
Measurement 


Length of 
Overcore 


Comments 






ft 


in. 


in. 




OC-1 


1 


14 


4 


17 


Successful test 


OC-1 


2 


21 


0 


18 


Successful test 


OC-2 


1 


18 


11 


11 


Rock fractured; gage malfunctioned 


OC-2 


2 


23 


1 


10 


Test successful to moment of rock 
fracture. 


OC-2 


3 


28 


0 


6 


Water supply interrupted, bit jammed 
and rock fractured 


OC-2 


4 


29 


0 


0 


Gage malfuntioned 
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TABLE 7 - CALIBRATION OF BOREHOLE 
DE FORMATION GAGE 

PARK RIVER AUXILIARY TUNNEL 



Gage No. 


Gage Factor 


K x 10~ 6 in. 


K„ x 10 6 in. 


K 3 x 10 6 in. 


40 


1.00 


2.55 


2.64 


2.70 
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TABLE 8 - OVERCO RING TEST RESULTS 

PARK RIVER AUXILIARY TUNNEL 



Boring 


Test 
No. 


Depth 
from 
Ground 
Surface 

ft 


Distance 

from 
Tunnel 

Wall 

ft in. 


Dia. Deformation 
x 1CT 6 in. 


Average 
Elastic 
Modulus 
x 106 psi 


Maximum 
Prin- ; 
cipal 
Stress 

P c 
psi 


Minimum 
Prin- 
cipal 
Stress 

psi 


Bearing of P c 
Counterclockwise 
from Vertical* 

degrees 


U l 


U 2 


U 3 


OC-1 


1 


184 


14 4 


176 


396 


270 


2.91 


334 


210 


17 


OC-1 


2 


183 


21 0 


405 


150 


-205 


4.02 


236 


-81 


73 


OC-2 


2 


195 


23 1 


219 


660 


-554 


1.97** 


304 


-162 


41 



The bearing of P is in a plane perpendicular to the axis of the boring, counterclockwise as 
observed from the tunnel. 

Due to fracture of the rock, the elastic modulus was measured on a sample from 10 inches 
beyond the point of overcore relief measurement. 
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MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO..i_ 



Simplified 
Geologic 
Prof i.l e 



Misc. Fill 
Fine Sand, Silt 



z 



Reference 
P 1 a tc 



Varved Clay 



Glacial Till 



Sandstone, 
micaceous 

Interbedded 
sandstone & 
shale bedding 
dipping 10-20 C 



Red , grey 
shale 



RQD ^50-100% 




Top of Ground 
(at MAI. El +28.32 



Approxi mate 
El ovation 



^ Y*---Type of Casing_JRW-3." ... 

Final Llov. of Bottom 
of casinq -71.7 



■71.6- 



///<*/// 



-119.1 



Uc (Vroncc T'ldU' Data 


luto 
St.i 

Offset 
Elev 


10/20/78 


8+20 


Centerline 


28.031 





Anchor 
Numbor 


Anchor Tip 
111 I'Val' ion 


'. > i ■ '■ l ,'.SK.:<- 
Ahove frown 


6 


-74.7 


46.7' 


5 


-97.6 


23.8" 


4 


-108.5 


12.9' 


3 


-112.4 


9.0' 


2 


-116.6 


4.8' 


1 


-118.6 


2.8' 



Bottom of Roriny L']ov. -119.1 



Approx. Vertical 

Scale in kock f 

/ 

/ 



Tunnel 




Comments : 



All anchor elevations assume 



a vertical borehole 
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Marisfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


MULTLPLt; POSITION 
BOREHOLE EXTENSOMETKk 
INSTALLATION DATA 
MPBX NO. 1 


GEOTECHN1CAU ENGINEERS INC 
vL/ WINCHESTER • MASSACHUSETTS 


Project 77382 


August 1980 Fig. 3 




DEPffH 




4 ; . r; . i ; - DEFL E CTION j ■ < Iti . ■) 



Roger J. Au & Son, Inc. 
Mansfield, OH 



0 



GEOTECHNICAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX- 1 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 4 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO._L_ 



Sim.pl if ied 
Geologic 
Prof i 1 e 



z 



Fill 
Floodplain 
deposits 

Varved Clay 



Kof oronce 
Plate 



7 



Glacial Till 



Shale, red- 
brown, mica- 
ceous inter- 
bedded with 
layers of 
grey shale 
and sand- 
stone. 
Slightly 
calcareous 
bedding 0-12° 
dip. 

Rock is fresh 
and sound. 

RQD £40-100% 




Top of Ground 
at M.H. L;i +31.11 



Appro xi mute 
Elevation 



^ 5^-Type of Casing-.-* 1 ?-"" 3 ". 

Final EJov. of Fjot. ton; 
of casing -61.0 



-61.-1 //S^s/s 



-119.95 



K. ■ r. ■ t viiCi ■ i 'i .i i >• r>,'ii.u 



St.i 

Offset 
Kiev 



6-7-79 



11+32 



Centerline 



30.415' 



Atu -lior 
Numln.'r 


Anchor Tip 

V. 1 t 'V>ll i 1 Hi 


'. 1 i • ■ 1 . 1 1 1 1 : i - 

AJkiV'i- (Tulvll 


6 


-70.2 


51.8' 


5 


-102.2 


19.8' 


4 


-108.6 


13.4 ' 


3 


-114.6 


7.4' 


2 


-117.6 


4.4' 


1 


-119.6 


2.4' 



Approx. Vertical 

Scale in kock S 

/ 



Tunnel 



.Bottom of BoriiK) lJlov. -119.95 
Crown Elov._-121.95 

\ 

\ common t h: ft H an chor elevations assume 



a vertical borehole. 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 
Hartford, CT 


MULT I I'LL POSITION 
BO RE HOLE L' KTEN G OMCTL] K 
INSTALLATION DATA 
MPBX NO. 2 


/+v GEOTKCHNIC AL BNCINEKHS INf 
Vly WINCHESTtH • MASSACHUSETTS 


Project 77382 


August 1980 Fig. 5 




Roger J , Au & Son, Inc. 
Mansfield, OH 



GEOTECHNICAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX- 2 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 6 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO.^„ 



Simp] i f ied 
Geologic- 
Pro f i 1 e 



Misc. Fill 
Fine Sand and 
Silt 



Reference 
I 1 late 



Z 



Varved clay 



z 



Glacial Till 



Shale, red- 
brown with 
occasional 
sandstone 
stringers. 
Bedding dips 
%15°. Breaks 
clean, fresh. 

RQD %10-60% 




Top of Ground 
(at. M.Ii. El *- 21.32' 



Approximate 
Elevation 



^ 5 B *--Type of Casing^NW-?" 

Final El<.-v. of Bol.toli: 
of casinq -51.0 



-51.0 



-117.7 



<S/A?//7 ^ of Kork l;u , v _ 51 _ 01 . 



R. ■ f. ■ :iicc I'l .i I i ■ Da Lei 


Si a 
Of f 

El ev 


9/27/79 


15+25 


Centerline 


20.227' 





Am-hor 
Number 


Anchor Tip 

1 ; 1 i 'Val i Or, 


: -» i - - c .„„.,. 

Al ><"/».' (Town 


6 


-72.0 


47.7' 


5 


-93.0 


26.7' 


4 


-108.0 


11.7' 


3 


-112.9 


6.8' 


2 


-115.8 


3.9' 


1 


-117. 3 


2.4' 



_ Bat com of Rorinq El^v. -117.7 



Approx. Vertical 
Scale in Kork S 

/ 



Tunnel 




Crown ELov. "H9-67 



Common U; : All anchor elevations assume 
a vertical borehole. 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 
Hartford, CT 


Ml.il, TLRLE POSITION 
BOREHOLE EXTENSOMETER 
INSTALLATION DATA 
MPBX NO. 3 


/t\ CEOTRCHNICAL ENGINEERS INC 

VL/ WINCHLSTLR • MASSACHijStTTS 


Project 77382 


August 1980 Fig. 7 




Roger J . Au & Son, Inc. 
Mansfield, OH 



GEOTECHN1CAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



-J.3XI 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX-3 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. B 



MULTIPLE 



POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 



Simpl i tied 
Geologic 
Prof .i 1 e 



Z 



Misc. Fill 
Fine Sand 
and Silt 

Varved Clay 



Reference 
Plate 



Glacial Till 



Sandstone 
brown, grey 
micaceous 
interbedded 
with shale. 
Red-brown and 
dark grey, 
occasional 
calcareous 
stringers . 

Core is fresh 
and fractures 
clean. 



RQD £10- 50% 




MPBX NO.jL- 

Top of firound 
(at M.H. El +18.88 
— y>-'-^ 



Appro xi mate 
El ovaf ion 



► S^Type of Casing. 

fin a J Kiev, of Bol torn 
of cas-miq -35.1 



Approx. Vertical 
Sea U- in KiK'k 



-112.6 



!!■ ■ f f t'vMic.'i.- 1' ! . 1 1 ( ■ Da ta 


1 K\ t. < ' 

Si., 

Of f not. 
L] ov 


5/3/79 


24+00 


Centerline 
17.981 



,YW"/ To . of Ro( . k 1:K , V _ 35 .i2 



An. 'lior 
NumLr r 


Anchor Tip 
K 1 1 - V.I I j on 


'. > i ■ ; ( . 1 1 n -i ■ 
Al'CVc i.'i'ou'ii 


6 


-65.1 


49.5' 


5 


-90.1 


24.5' 


4 


-101.4 


13.2' 


3 


-106.4 


8.2' 


2 


-110.4 


4.2* 


1 


-112.1 


2.5' 



Tunnel 



Bottom of LoriiKj L.l^v. -112.6 
Crown ElfV L -114.58 

\ 

^ Comments: All anchor elevations assume 



a vertical borehole. 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 
Hartford, CT 


MULTIPLE POSITION 
BOREHOLE EXTENSO.VETEK 
INSTALLATION DAT.' 1 . 
MPBX NO. 4 


GEOTECHNICAL. ENCINGKHS INC 

VLI WINCHESUK • MASSACMUStTTS 


Project 77382 


August 1980 Fig. 9 




Roger J. Au £> Son, Inc. 
Mansfield, OH 



0 



GEOTECHNICAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX-4 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 10 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO._l_ 



Siir.pl if iod 
Goo log ic 
Profile 



Fine Sand and 
Silt 

Varved Clay 



Reference 
Pla te 



Glacial Till 



Shale, red- 
brown, inter- 
bedded with 
weathered 
sandstone . 

Fault, slick- 
ensides , 
striations 
plunging 55°. 
Sandstone, 
grey, red- 
grey, inter- 
bedded with 
shale, Red- 
brown bedding 
dips 10-20°. 

RQD %50-l 00% 




Top of Ground 
U M.H. IU +18.32" 



Approxi mate 
El ft vat: j on 



\ >^-Type of Casing...HWr 3." 

1'inaJ Kiev, of Bottom 
of casinq -20.0 



-52.0 



Approx. Vertical 
Sea I c i/i Rock 



-110.8 

s' 

/ 



ilifrCMin. i'Kit.e Do til 


1 Ji ! l.< 1 

S I ri 

Off r.e t. 
LlcV 


9/27/79 


27+00 


Centerline 


17. 548* 





z//A?/f/ To of Ro( . t . ,, ]( , v _20.01 



Am -hot" 
Number 


Anchor Tip 
f : i < Vii ( i oi i 


:>i .-.1 
AliOVi- I't'ui.h 


6 


-51.2 


61.6 ' 


5 


-88.6 


24.2 ' 


4 


-98.6 


14.2 ' 


3 


-104.1 


8.7 ' 


2 


-108.6 


4.2 1 


1 


-110.6 


2.2 ' 



Bottom of Horinci Ulev. 



-110.8' 



Tunnel 




Comments: A H anchor elevations assume 



a vertical borehole. 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 
Hartford, CT 


MULT i F! ,LJ POSITION 
BOREMOLt; LX'T'LN <•> Of i ETEK 
INSTALLATION DATA 
MPBX NO. 5 


ff\ GEOTRCHNICAL ENC1NEKP.S INC 

VL/ WINCH ESTLR • MASSACHUSETTS 


Project 77382 


August 1980 Fig. 11 




Roger J . Au & Son, Inc. 
Mansfield, OH 



GEOTECHNICAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX- 5 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig , 12 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO. A- 



Siirpli f iod 
Geo log ic 
Prof i 1 e 



Misc. Fill 



z 



Rv.f orence 
P ] a te 



Top or" Ground 
(at M.fl. L:i +60.02' 



Z 



Glacial 
Till 



Shale, red- 
brown. Oc- 
casional 
zones of 
sandy shale 
and sandstone. 
Bedding dips 

^20°. 
RQD %40-90% 

Occasional 
rough high 
angle joints; 
some clean, 
some filled 
with stiff 
plastic fines 
and fragments 
of shale. No 
striations . 




Appn ix l iru f.e 
Elevation 



^ V^-Type of Casing... .NW-3" 

I'jnal Kiev, of Bolton 
of casing +44.0 



+44.0. 



-101.5 



■ r< ■ t> ■ j . c<-- i ■ l . 1 1 <■ Da t. t i 


su. 

Off mo L 
I.: J ev 


8/18/80 


43+50 


Centerline 
+58.924 



vWV// Tor. of hack r:H-v +44.02 



Am 'iior 
Nuinbi t 


Anchor Tip 
1 : 1 1 'vat ion 


■ 1 .,!!(:!■ 

Aliow Crown 


6 


-55.2 


48.2 * 


5 


-78.6 


24.9 1 


4 


-92.6 


10.9 ' 


3 


-95.5 


8.0 ' 


2 


-99.0 


4.5 ' 


1 


-101.0 


2.5 ' 



Approx. Vertical 
Sea [[- in Koi k f 

/ 



Bottom of Boring KJcv. -101.5 

Crown Llcv, -103.50 




Tunnel 



\ Gommoms: All anchor elevations assume 
a vertical borehole. 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 
Hartford, CT 


MUI.TIPLL POSITION 

BORUHOLIO liXTISNSOHETEK 
INSTALLATION DATA 
MPBX NO. 6 


/K GEOTECHMCAL ENGINEER !NO 

vLJ WINCHESTER . MASSACHUSETTS 


Project 77382 


August 1980 Fig. 13 




Roger J . Au & Son, Inc. 
Mansfield, OH 



GEOTECHNICAL ENGINEERS INC 

WINCHESTER . MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX- 6 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 14 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO.J__ 



Simpl i f ied 
Geologic 
Profile 



Fine Sand 
and Silt 



z 



\<o fi'trence 
Plate 



Varved Clay 



z 



Glacial Till 



Shale , red- 
brown, sandy, 
interbedded 
with sand- 
stone, red 
white fine to 
coarse grained 

Surface of 
joints polish- 
ed and 

striated. Some 
joints slick- 
ensided. 
Bedding dips 
10-20°. 

RQD %40-100% 




Top of Ground 
.at M.H . Ill +74.56 



Approxi mate 
El ova t: ion 



+59.4 /y/^y/y 



Approx. Vertical 
Sea If i n k'lik 



-92.8 

s' 

/ 



-Type of Casing....-*™ -3 ". .. 

l"i ii a 1 Kiev, of Bot ton - 
of casinci +59.20 



■ H - [-.--ik-i : p hi I i > Data 



Kite 
St. i 

Offset. 
Kiev 



8/18/80 



58+55 



Center line 



+73.932 



,Y//W/ To[ , of Roc . k j, lov +59.39 



Am 1 io r 


Anchor Tip 


" J 1 • . 1 .i 1 n..'( 
AI;nVi' r'ldv.'li 


6 


-46.7 


48.1 ' 


5 


-70.5 


24.3 ' 


4 


-82.5 


12. 3 1 


3 


-87.0 


. 7.8' 


2 


-90.6 


4.2' 


1 


-92.1 


2.7 ' 



Bottom of rSorincj Kiev. -92.8 



Tunnel 




Crown Elov. -94.81 

Comments: All anchor elevations assume 
a vertical borehole. 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 
Hartford, CT 


MUI.T1PU-J POSITION 
BORLHOLE EXTPNSOMtTKK 
INSTALLATION HAT/ 1 
MPBX NO. 7 


/+VGEOTRCHN1CAL ENGINEERS INC 

WINCHESTER • MASSACMUSLTTS 


Project 77382 


August 1980 Fig. 15 




Roger J, Au & Son, Inc. 
Mansfield, OH 



0 



GEOTECHNICAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX- 7 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 16 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 



Simp] i fieri 
Geologic- 
Profile 



z 



MISC. FILL 

GLACIAL 
TILL 



Keforence 
I? hi te 



z 



SHALE, Red- 
brown 

Interbedded 
with sandstone 
red- gray 

Slightly cal- 
carous 

RQD improves 
with depth to 
=60-95% 

SHALE, dark 
gray 

Occasionally 
changing to 
red-brown 

Bedding dips 
~10-20° 




MPBX N0._e_ 

Top of Ground 
(at M.H. El +79/78 



Approximate 
Elevation 



+71.3. 



9/**? ft/ Top of Rwck K , uv +71.28 



-90.2 



-Type of Casi ng_*??r?.".. 

Final Elov. of Bottom 
of casiiK]+ 70. 28 



Hi 'fen M. o.. PI ale Data 


IM to 

St., 

Offset 
Elev 


3-24-80 


61+19 


Centerline 
+78.86 



Anchor 
Number 


Anchor Tip 
1.1 cvat ion 


Hi ::l .lucre 
Abovi' Crown 


6 


-43.9 


49.3' 


5 


-67.9 


25.3' 


4 


-79.9 


13.3' 


3 


-85.9 


7.3' 


2 


-87.9 


5.3* 


1 


-89.9 


3.3' 



Approx. Vertical 
Scale in kock 



Tunnel 



Bottom of Boring Elov. -90..2 _ 

>s^ - Crown Elov. -93.22 
\ 

^ Comments: All anchor elevations assume 



a verticle borehole. 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, Connecticut 


MULTIPLE POSITION 
BO RE H 0 L E E X T ENSO M ETE k 
INSTALLATION 1.1 ATA 
MPBX NO. 8 


(\\ GEOTECHNICAL ENGINEERS INC 
VL/ WINCHESTER • MASSACHUSETTS 


Project 77382 


August 1980 Pig. 17 




Roger J. Au & Son, Inc. 
Mansfield, OH 



CEOTECHNICAL ENGINEERS INC 
WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX-8 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 18 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO._2- 



Simpl if ied 
Geologic- 
Profile 



< 



MISC. FILL 

GLACIAL 

TILL 



Reference 
Plate 



< 



SHALE, maroon 
and gray 

Bedding dips 
40-50° 

Artesian pres- 
sure of =8 ft 
above El 89.5 
encountered 
at top of 
bedrock 

Gray shale 

RQD -70-100% 



4-61.1 




Top of Ground 
(at M.H. El +89.59 



Approximate 
Elevat ion 



-75.4 



-Type of Casing-HW--3". .. 

Final Elev. of Bottom 
of casinq +60.3 



Ki'f. -t. 'iic-c I'luto Data 


U>to 

Offset 
Lllov 


, 8/18/80 


91+00 


Center line 


+88.973 





Top of Rook Kiev +61.1 



Anchor 
Number 


Anchor Tip 

1:1 i'Vat i or: 


I'Ji 'il.lt k.:i - 
Abovi 1 f'fuwn 


6 


-28.8 


47.7' 


5 


-52.8 


23.7' 


4 


-60.8 


15.7* 


3 


-68.8 


7.7' 


2 


-72.3 


4.2" 


1 


-72.8 


3.7' 



Approx. Vertical 
Scale in Kock 



Tunnel 



Bottom of Roriuy Kiev. -75.4*_ 

\ -Crown L'lcv._ -76.5 
\ 

\ Comment 55: Anchor elevations assume a 



vertical borehole. * Approxi- 
mately 2 ft of rock core left 
in borehole after last run. 



Roger J. Au £ Son, Inc. 
Mansfield, Ohio 



<J> 



GEOTECHN1CAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, Connecticut 



Project 77382 



MUr.TlH.t; POSITION 
BOREHOM-: EXTCNSOMLTEK 
INSTALLATION DATA 
MPBX NO. 9 



August 1980 



Fig. 19 




Roger J. Au & Son, Inc. 
Mansfield, OH 



0) 



CEOTBCHNICAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



MPBX- 9 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 20 



MULTIPLE POSITION BOREHOLE EXTENSOMETER 
INSTALLATION DATA 

MPBX NO.^o. 



Simpl if ied 
Geoloy ic 
Profile 



VARVED 
CLAY 



Reference 
Plate 



GLACIAL TILL 
WW/** W "V/ 



+7.0- 



SHALE, Reddish- 
brown, highly 
fractured 

mterbedded 
with fine 
grained sand- 
stone, red 

RQD -0-30% 

Numerous clay 
filled joints, 
probable fault 
zone 




Appro xi mate 
Elevation 



177^77? 



-71.5 



Top of Ground 
(at M.H. 13.1 +Z_6 JL 01 



-Type of Casing_NW-3" 

final Ulev. of Botton 
of casiiu) +6.9 



Ui'TiTONC'c I'l.U (! natiT 


Of f iiOt 

Elov 


8/18/80 


95+54 


Centerline 


+75.045 





W/a?/// Tc ; Vj Df RcH . k vie ^ +7. 01 



Anfhor 
NumlKT 


Anchor Tip 
i ;l cvat i on 


I J i 1 .1 iu.-c- 
Abovf crown 


6 


-26.0 


47.0' 


5 


-48.5 


24.5' 


4 


-60.5 


12.5' 


3 


-65.0 


8.0' 


2 


-69.0 


4.0' 


1 


-71.0 


2.0' 



_ Bottom of Roriny Kiev. -71.5 



Approx. Vertical 
Sea If in Hock 



Tunnel 




Comments : 



Anchor elevations assume a 
vertical borehole 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 



<D 



GEOTECHN1CA1, ENGINEERS INC 

WINCHESTER • MASSACHUSETTS ' 



Park River Auxiliary 
Tunnel 
Hartford, Connecticut 



Project 77382 



MULTIPLE POSITION 
BOREHOLE EXTENBOMETE H 

INSTALLATION DATA 
MPBX NO. 10 



August 1980 



Fig. 21 




Roger J. Au & Son, Inc. 
Mansfield, OH 



0 



CEOTECHNICAL ENGINEERS INC 

WINCHESTER * MASSACHUSETTS 



Park River Auxiliary- 
Tunnel 
Hartford, CT 



Project 77382 



MPBX-10 BOREHOLE IN- 
CLINOMETER SURVEY DATA 



August 1980 



Fig. 22 




TAPE EXTENSOMETER 
SINCo 51855 




ANCHOR POINT AND STAR ANCHOR 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 

Hartford, CT 


TAPE EXTENSOMETER 
DETAILS 


y+X CEOTECHNICAL ENGINEERS INC 

WINCHESTER . MASSACHUSETTS 


Project 77382 


August 1980 Fig. 23 




Scale l" = V 



Roger J. Au and Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


TAPE EXTENSOMETER 
MEASUREMENT LOCATIONS 


ff\ OEOTECHNICAL ENGINEERS INC 

VL/ WINCHESTER • MASSACHUSETTS 


Project 77382 


August 1980 Fig. 24 



OBSERVATION WELL - 1 
GROUND SURFACE ELEVAi ION - 22.6 FT 



Depth 
ft 



10 



15 



20- 
21.5 



Sample 
No. 



SS-1 



SS-2 



SS-3 



SS-4 



SS-5 



Blows 

Per 
6 in. 



1- 1- 

2- 3 



1- 2- 

2- 3 



2-3- 
2-2 



4-4- 
3-4 



3-3- 

3-4 



Piezometer 
Installation 
Detail 



Grout 



Bent. 



Con- 
crete 
sand 



Ottawa 
Sand 




•J 



2.0"OD 
Slotted 
Sch. 80 
PVC 



Soil 
Description 



Dk brovm silty 

sand to fine 

sandy silt, top- 
soil 



Dk brown fine 
sandy silt to 
silt 



Dk brown and gray 
brown fine sand 
and fine sandy 
silt. Stratified. 



Depth To Top of Slotted PVC: 
Depth To Bottom of Slotted PVC: 
Depth To Groundwater: 



15.5' 
20.5' 

10.5' on December 5, 1977 



Date Installed-Nov. 28, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


SOIL PROFILE AND 
INSTALLATION DETAIL OF 
OBSERVATION WELL - 1 


Geotechnical Engineers Inc. 
Winchester, Massachusetts 


Project 77382 


August 1980 Fig. 25 



OBSERVATION WELL - 2 
GROUND SURFACE ELEVATION - 19.3 FT 



Depth 
ft 



10 



20 
21 



Sample 
No. 



Blows 

Per 
6 in. 



SS-1 



SS-2 



SS-3 



SS-4 



SS-5 



2-3- 
2-3 



1-1- 
1-1 



1-2- 

1-2 



1- 2- 

2- 2 



2-4- 
5-5 



Piezometer 
Installation 
Detail 



Grout 
Bent. 



Con- 
crete 
Sand 



Ottawa 
Sand 




2.0"OD 
Sch. 80 

Slotted 

PVC / .' 



Soil 
Description 



Dk brown 

fine sandy 

silt, top- 
soil 



Dk brown 
fine sandy 
silt to 
silt 



Dk brown 
silty fine 
sand 



Depth To Top of Slotted PVC: 
Depth To Bottom of Slotted PVC: 
Depth To Groundwater : 



14. 0' 
19.0' 

6.7' on December 5, 



1977 



Date Installed - Nov. 29, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park. River Auxiliary 
Tunnel 
Hartford, CT 


SOIL PROFILE AND 
INSTALLATION DETAIL OF 
OBSERVATION WELL - 2 


Geotechnical Engineers Inc. 
Winchester, Massachusetts 


Project 77382 


August 1980 Fi 9- 26 



PIEZOMETER NO. 1 
GROUND SURFACE ELEVATION - 21.9 FT 



Piezometer 
Installation 
Detail 




Soil 
Description 



Dk brown silty 
fine sand, fill 



Dk brown fine 
sandy silt 



Dk brown silty 
fine sand 



Dk brown fine 
sand 



Dk brown gravelly 
sand 



Red silty clay 
and silt 



Red gravelly 
sandy silt to 
silty sand, till 



Depth To Piezometer: Top 73.6", Bottom 75.6' 

Depth To First Seal: Top 76.3', Bottom 77.1' 

Second Seal: Top 71.1', Bottom 72.8' 

Depth to Groundwater: 12.2' on December 5, 1977 



Date Installed-Dec. 2, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



SOIL PROFILE AND 
INSTALLATION DETAIL OF 
PIEZOMETER NO. 1 



August 1980 



Fig. 27 



PIEZOMETER NO. 2 
GROUND SURFACE ELEVATION - 20.9 FT 



Depth 
ft 



10 



15 - 



20 



25 - 



30 



35 



40 



45 



50 



55 - 



60 



66 



Sample 
No. 



SS-1 



SS-2 



SS-3 



SS-4 



SS-5 



SS-6 



SS-7 



SS-8 



Blows 

Per 
6 in. 



1-1- 
1-1 



2- 3- 

3- 3 



11-9- 
11-15 

15-10- 
15-14 

10-3- 
2-2 



1- 2- 

2- 2 



8-16- 
11-15 
23-27 
20-28 



Piezometer 
Installation 
Detail 



Grout 



Con- 
crete 
Sand 



Bent. 



Ottawa 
Sand ,. 




0. 375 
in. ID 

Riser 
Tube 




:-Bent 



Soil 
Description 



Probed from 0-5' 
with open end A- 
rod 

Dk brown fine 
sandy silt 



Dk brown silty 
fine sand 



Brown uniform 
medium to fine 
sand 



Red and olive 
clay and silt 



Red gravelly 
silty sand, till 



Depth To Piezometer: 
Depth To First Seal: 
Second Seal : 
Depth To Groundwater: 



Top 62.8', Bottom 64.8' 
Top 65.3', Bottom 65.7' 
Top 60.8', Bottom 61.8' 
Not available 



Date Installed-Dec. 5, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


SOIL PROFILE AND 

INSTALLATION DETAIL OF 
PIEZOMETER NO. 2 


Geotechnical Engineers Inc. 
Winchester, Massachusetts 


Project 77382 


August 1980 Fig ' 28 



PIEZOMETER NO. 3 
GROUND SURFACE ELEVATION - 22.7 FT 



Depth 
ft 



10 



25 



30 



35 



40 



45 



51.1 



15 . 



20 



Sample 
No. 



SS-1 



SS-2 



SS-3 



SS-4 



SS-5 



SS-6 



SS-7 



Blows 

Per 
6 in. 



1- 1- 

2- 2 

2-2- 
2-2 

1-1- 
1-2 



7-10- 
12-17 



10- 19- 

11- 3 



2-2- 
1-2 



(1) 



Piezometer 
Installation 



Detai 



Soil 
Description 



Grout 
aanci 



JBeiLL. 



Con- 
crete 
sand 
and 
pea- 
stone 




Dk. brown silty 
fine sand, topsoij 




0.375 
in. ID 

Riser 
Tube 



Piezo- 
meter, 



Dk. brown fine 
sandy silt to 
silty fine sand 



Dk. brown fine 
sandy silt 



Stratified dk. 
brown fine sandy 
silt and silty 
fine sand 



Brown gravelly 
sand 



Red varved clay 
and silt 



Red gravelly sandy 
silt to silty 
sand, till 



Depth To Piezometer 
Depth To First Seal 
Second Seal 
Third Seal 



Top 47.8', Bottom 49.8' 

Top 51.1', Bottom 50.6' 

Top 45.6', Bottom 46.7' 

Top 43.1', Bottom 44.9' 



Depth To Groundwater: 11.1' on December 5, 1977 
Notes : 

(1) Blows of 100/3" with 140-lb hammer and 65/3"-60/6' 
70/6" with 300-lb hammer using open end A-rod. 



Date Installed-Nov. 30, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


SOIL PROFILE AND 
INSTALLATION DETAIL OF 
PIEZOMETER NO. 3 


Geotechnical Engineers Inc. 
Winchester, Massachusetts 


Project 77382 


August 1980 Fig - 29 



PIEZOMETER NO. 4 
GROUND SURFACE ELEVATION - 22.5 FT 



Depth 



10 - 



15 



20 



25 



30 



35 



40 



45 _| 

47. 5 



Sample 
No. 



SS-1 



Blows 

Per 
5 in. 



SS-2 



SS-3 



SS-4 



SS-5 



SS-6 



SS-7 



2-3- 

2- 2 

3- 1- 
2-3 



3-4- 

6-8 



20-8 
11-12 



2-1- 
2-2 



7-12- 
9-10 

56- 
51/4" 



Piezometer 
Installation 



Grout 



Bent. 



Sand 
and 
pea- 
stone 



Bent. 



"Sini"! 



Soil 
Description 



brown 
silt, 



fine san- 
topsoil 



A u** Dk brown fine 



0. 375 
tn. ID 

Riser 
Tube 



sandy silt to silt 



Sravelly silty 
sand and strati- 
fied silty sands 



Piezo- 

aed silty clay 
nd silt 
ed gravelly 
sandy silt, till 




Depth To Piezometer 
Depth To First Seal 
Second Seal 
Third Seal 



Top 43.2', Bottom 45.2' 

Top 46.2 ', Bottom 47.1' 

Top 41.1', Bottom 42.2' 

Top 38.9', Bottom 40.2' 



Depth To Groundwater: 11. I 1 on December 5, 1977 



Date Installed-Nov. 29, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


SOIL PROFILE AND 
INSTALLATION DETAIL OF 
PIEZOMETER NO. 4 


Geotechnical Engineers Inc. 
Winchester, Massachusetts 


Project 77382 


August 1980 Fig. 30 



PIEZOMETER NO, 5 
GROUND SURFACE ELEVATION - 69.7 FT 



Depth 
ft 



10 - 



20 - 



25 



27.5 



Sample 
No. 



15 - SS-1 



ss-2 nn/K" 



Blows 

Per 
6 in. 



2-5- 
8-11 



Piezometer 
Installation 
Detail 



Soil 
Description 



Grout 



onpreti : 



Con- 
crete 
sand 



Bent. & 
Srave; 



3 & G 



Dttawa 
Sand 



Gravel 




0.375 
in. ID 




Piezo- 
meter 



Red gravelly clay, 
medium plasticity, 
till 




ravel encountered 
while drilling 



No recovery 
I Drilled rock from 
25.6 to 27.5 



Depth To Piezometer: 
Depth To First Seal: 
Second Seal : 
Third Seal : 



Top 21.5', Bottom 23.5' 

Top 24.2', Bottom 26.0' 

Top 20.0", Bottom 20.8" 

Top 18. 2 ' , Bottom 18. 7' 



Depth To Groundwater: 5.0' on December 5, 1977 



Date Installed- Dec. 2, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


SOIL PROFILE AND 
INSTALLATION DETAIL OF 
PIEZOMETER NO. 5 


Geotechnical Engineers Inc. 
Winchester, Massachusetts 


Project 77382 


August 1980 F j_ g . 31 



PIEZOMETER NO. 6 
GROUND SURFACE ELEVATION - 81.0 FT 



Depth 
ft 


Sample 
No. 


Blows 

Per 
6 in. 


Piezometer 
Installation 
Detail 


Soil 
Description 








Grout 






5 - 






Sand 












10-38 


U.b. 






D a (TV 2 ito T 1 w 

x\tr u yi avtiliy 

clay, till 




SS-1 


Bent. 






19-26 


















-•■■'/;•• I 




10 - 






con- 
crete 
sand 




0.375 
in. ID 




15 - 










Ri ser 
Tube 






SS-2 


13-18 
24 






Piezo- 


oi.IUl±a.r to bb~l 

but less gravel 










meter 

>* - 




20 - 






Bent. 
GldVel 








SS-3 


20-21 


Rpnf . . 




Similar to SS-1 




44-51 


brave i 










Bant. 














Ottawa 
Sand 








25 _ 












26.5 


SS-4 


15-26 
31 












Bent. 







Depth To Piezometer: Top 23.5', Bottom 25.5' 

Depth To First Seal: Top 26.0", Bottom 26.5" 

Second Seal: Top 21.5' , Bottom 22.0' 

Third Seal: Top 20.5', Bottom 21.0' 

Depth To Groundwater: 0.5' on December 5, 1977 



Date Installed - Dec. 3, 1977 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


SOIL PROFILE AND 
INSTALLATION DETAIL OF 
PIEZOMETER NO. 6 


Geotechnical Engineers Inc. 
Winchester, Massachusetts 


Project 77382 

* 


August 1980 Fig. 32 



c 



r 




TBM Stroke 



12.0' 



TBM To Seg- Segment No. 
ment Distance ' 



Roger J. Au & Son, Inc. 
Mansfield, OH 


Park River Auxiliary 
Tunnel 
Hartford, CT 


CAMERA LOCATION 
AND 

STATIONING METHOD 


y+V GEOTECHNICAL. ENGINEERS INC. 
WINCHESTER * MASSACHUSETTS 


Project 77382 


August 1980 Fig. 33 



c 



c 




APPROXIMATE SCALE 
l"=6" 



HOUSING MOUNTED ON RIGHT SIDE OF 
TBM APPROXIMATELY AT SPRINGLINE. 



Roger J. Au & Son, Inc. 
Mansfield, OH 



<D 



GEOTECHNICAL ENGINEERS INC 

WINCHESTER • MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, CT 


CROSS SECTION 
CAMERA HOUSING 


Project 77382 


August 1980 Fig. 34 



PHOTOGRAPHS 




PHOTO #1 - MPBX anchors, rod and grout 
tube . 




PHOTO #2 - MPBX reference head. 




PHOTO #3 - Typical rock bolt load cell 
installation . 




PHOTO #4 - Typical rock bolt load cell 
installation . 




PHOTO #5 - Embedded strain gages and 

handy boxes mounted on rebar 
cage . 





PHOTO #6 - Adjustment of surface strain 
gage. 




PHOTO #7 - Attaching tape extensometer 
to anchor point. 




PHOTO #8 - Adjusting tape extensometer . 




PHOTO #9 - Inserting tunnel piezometer 
into borehole. 



PHOTO #10 - Typical instrumented ring showing surface strain gage, terminal 
box, readout box, reference anchor and sealed piezometer hole. 
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APPENDIX A 
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APPENDIX B 



ROCK BOLT LOAD CELL DATA 
Roger J. Au S Son, Inc 



LEGEND FOR FIGURES B-l THROUGH B-6 
Face Advance 

1 - Beginning of bench removal 

2 - Bench removed to Sta 9+20 

Load Cell Monitoring 

A - Initial installation of cell with lockoff load 
B - Cell damaged by blasting and flyrock 
C - Cell temporarily removed for repair 
D - Cell reinstalled with new lockoff load 
E - Cell removed before shotcreteing 

F - Rock against which cells bears were blown away during 
blast 

Arrow indicates time of event. 



Geotechnical Engineers Inc. 



Project 77382 
August 1980 




Roger £ Au £ Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


ROCK BOLT LOAD DATA 
CELL NOS. 8 AND 11 


sf*\ GEOTECHNICAL EINGINELHS INC 
K±S WINCHESTER • MASSACHUSETTS 


Project 77382 


August 1980 Fig- B-l 
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Roger J. An & Son, Inc. 
Mansfield, Ohio 



<D 



GEOTECHNICAL ENGINES US fr*C 

WINCHESTER * MASSACHUSETTS 



Park River Auxiliary 
Tunnel 
Hartford, ct 


ROCK BOLT LOAD DATA 
CELL NOS. 10 AND 6 


Project 77382 


August 1980 Fig- B-2 






Roger J. Au & Son, inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 


ROCK BOLT LOAD DATA 
CELL NOS. 7 AND 3 




GEOTECHNICAL ENGINEERS INC 
Vj_y WINCHESTER • MASSACHUSETTS 


Hartford, CT 






Project 77382 


August 1980 Fig.B-3 






Roger J. Au & Son, Inc. 
Mansfield, Ohio 
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Set 7-2 = 8 o'clock - 2 o'clock position 
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Set 7-3 = 8 o'clock - 4 o'clock position 



NOTE: change in distance given in inches from initial measurement 
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Set 7-3 = 8 o'clock - 4 o'clock position 



NOTE: Change in distance given in inches from initial measurement 
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Set 7-3 = 8 o'clock - 4 o'clock position 
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Set 7-3 = 8 o'clock - 4 o'clock position 
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Set 7-3 = 8 o'clock - 4 o'clock position 
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Set 7-3 = 8 o'clock - 4 o'clock position 
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REFERENCE NUMBER 



79L-1376 



DATE RECEIVED 
DATE FABRICATED 
DATE TESTED 
IDENTIFICATION 



METHOD OF TEST 



RESULTS 



9-17-79 
7-18-79 

9-19-79 (age 2 months) 

Three nominal 4x8" concrete cylinders as fabricated and 
delivered (minus their molds) by you. Specimens were 
identified as 1, II and II. Directions from you were 
to test I and one II; holding the second II until results 
were checked. 

Secant modulus of elasticity to 35% of ultimate load 
using two 4%" electrical strain gages and balanced 
Wheatstone bridge, in conformity with standard methods 



Applied Load 
Zero, lb. 
5,000 
10,000 
15,000 
20,000 
25,000 
30,000 
35,000 

Modulus of Elasticity 
Compressive Strength 



Strain, inches/inch x 10"* 



IT 



0.0 

7.6 
15.0 
26.5 
36,0 
46.0 
57.8 
70.1 

3,700,000* 
7630* 



0.0 

7.5 
15.0 
25.5 
35.3 
45.0 
55.1 
67.4 

3,800,000* 
7990* 



Respectfully fcubmitted, 




avid R. Mitchell 
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REFERENCE NUMBER 
DATE RECEIVED 
DATE FABRICATED 
DATE TESTED 
IDENTIFICATION 

METHOD OF TEST 

RESULTS 



79L-1524 
10-16-79 
7-18-79 

10-19-79 (age 3 months) 

Two nominal 4x8" concrete cylinders as fabricated and 
delivered by you. Specimens were identified as I and 
II. Both specimens were tested per your instructions. 

Secant modulus of elasticity to 35% of ultimate load 
using two 2%" electrical strain gages and balanced 
Wheatstone bridge, in conformity with standard methods, 



Strain, inches/inch x 10' 



Applied Load 


I 


II 


Zero, lb. 


0.0 


0.0 


5,000 


8.0 


7.9 


10,000 


15.8 


15.8 


15,000 


24.9 


24.0 


20,000 


34.2 


33.2 


25,000 


43.6 


42.8 


30,000 


53.8 


51.8 


35,000 


64.0 


61.5 


Modulus of Elasticity 


4,000,000* 


4,000, 000* 


Compressive Strength 


7780* 


7730ijf 



Respectfully submitted, 



/ V&avid R. Mitchell 
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HERMAN C. PROTZE 

- INC. - 

MATERIALS TECHNOLOGIST » jaconnit street, newton highlands, mass. 02iei 



(617) 332-8460 



December 14, 1979 



GE0TECHN1CAL ENGINEERS, INC. 
WINCHESTER, MASSACHUSETTS 

MODULUS OF ELASTICITY OF CONCRETE 
HARTFORD TUNNEL PROJECT 



REFERENCE NUMBER 
DATE RECEIVED 
DATE FABRICATED 
DATE TESTED 
IDENTIFICATION 

METHOD OF TEST 

RESULTS 



79L-1792 
12-11-79 
7-18-79 

12-13-79 (age 5 months) 

Two nominal 4x8" concrete cylinders as fabricated and 
delivered by you. Specimens were identified as I and 
II. Specimens tested per your instructions. 

Secant modulus of elasticity to 35% ultimate load using 
two 4%" electrical strain gages and balanced Wheatstone 



bridge, in conformity with standard methods. 

Strain, inches/inch x 10^ 
Applied Load I II 


Zero, lb. 


0.0 


0.0 


5,000 


6.4 


7.0 


10,000 


15.0 


14.8 


15,000 


23.6 


23.7 


20,000 


32.1 


33.0 


25,000 


42.1 


43.6 


30,000 


52.2 


53.6 


35,000 


62.1 


65.5 


Modulus of Elasticity 


4,100,000* 


4,000,000* 


Compressive Strength 


8200ifr 


8480* 



Respectfull^jgubmitted , 
C^David R. Mitchell 
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HERMAN G. PROTZE 

- INC. - 

MATERIALS TECHNOLOGIST 36 jaconnet street, newton highlands, mass. 02161 



(617) 332-8460 



April 14, 1980 



GEOTECHNICAL ENGINEERS, INC. 
WINCHESTER, MASSACHUSETTS 

MODULUS OF ELASTICITY OF CONCRETE 
HARTFORD TUNNEL PROJECT 



REFERENCE NUMBER 
DATE RECEIVED 
DATE FABRICATED 
DATE TESTED 
IDENTIFICATION 

METHOD OF TEST 



RESULTS 



80L-249 

3- 12-80 
1-4-80 

4- 11-80 (age 14 weeks) 

Two nominal 4x8" cylinders as fabricated and delivered 
(minus their molds) by you. Specimens were identified 
as III and IV. 

Specimens stored in laboratory air until tested. 
Secant modulus of elasticity determined at 35% of ultimate 
load using two 2k" electrical strain gages and balanced 
Wheatstone bridge, in conformity with standard methods. 



Applied Load 
Zero, lb. 
5000 
10000 
15000 
20000 
25000 
30000 
35000 



Strain, inches/inch x 1Q-* 



III 
0.0 
9.0 
19.8 
31.4 
41.6 
52.4 
64.8 
76.2 



IV 



0.0 
7.0 
16.8 
25.2 
34.8 
44.4 
54.6 
65.0 



Modulus of Elasticity 3,430, 000\|r 3,970,000ifr 
Compressive Strength 8210^ 7470i|r 



Respectfully submitted, 



David R. Mitchell 
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HERMAN C. PROTZE 

- INC. - 

MATERIALS TECHNOLOGIST » jaconnet street, newton highlands, mass. 02161 



(617) 332-8460 



April 14, 1980 



GEOTECHNICAL ENGINEERS, INC. 
WINCHESTER, MASSACHUSETTS 

MODULUS OF ELASTICITY OF CONCRETE 
HARTFORD TUNNEL PROJECT 



REFERENCE NUMBER 
DATE RECEIVED 
DATE FABRICATED 
DATE TESTED 
IDENTIFICATION 

METHOD OF TEST 



RESULTS 



80L-132 

2- 12-80 
1-4-80 

3- 7-80 (age 9 weeks) 

Two nominal 4x8" cylinders as fabricated and delivered 
(minus their molds) by you. Specimens were identified 
as -#*"*and -S-ft"* 



Specimens stored in laboratory air until tested. 
Secant modulus of elasticity determined at 35% of ultimate 
load using two 2%" electrical strain gages and balanced 
Wheatstone bridge, in conformity with standard methods. 

Strain, inches/inch x 10^ 



Applied Load 


III 


IV 


Zero, lb. 


0.0 


0.0 


5000 


7.3 


11.8 


10000 


17.2 


21.1 


15000 


26.1 


31.0 


2O000 


36.0 


39.4 


25000 


45,9 


52.0 


30000 


57.3 


58.1 


35000 


67.8 


64.8 



Modulus of Elasticity 3,840,000t 3,940,000i}r 
Compressive Strength 8550i}r -8480i|r 



Respectfully submitted, 



David R. Mitchell 
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HERMAN G. PROTZE 

- INC. - 

MATERIALS TECHNOLOGIST 36 jaconnet street, newton highlands, mass. 02161 



(617) 332-8460 



November 12, 1980 



GEOTECHNICAL ENGINEERS, INC. 
WINCHESTER, MASSACHUSETTS 

MODULUS OF ELASTICITY OF CONCRETE 
HARTFORD TUNNEL PROJECT 



REFERENCE NUMBER 
DATE RECEIVED 
DATE FABRICATED 
DATE TESTED 
IDENTIFICATION 

METHOD OF TEST 



RESULTS 



80L-614 

6- 19-80 
1-4-80 

7- 25-80 (age 6 months, 3 weeks) 

Two nominal 4x8" concrete cylinders as fabricated and 
delivered by you. Specimens were identified as III and 
IV. 

Specimens stored in laboratory air after receipt until 
tested. Secant modulus of elasticity to 35% of ultimat 
load using two 2V electrical strain gages and balanced 
Wheatstone bridge, in conformity with standard methods. 
Both specimens were tested per your instructions. 

Strain, inches/inch x 10 5 



Applied Load 


III 


IV 


Zero, lb. 


0.0 


0.0 


5000 


8.2 


5.8 


10000 


15.6 


14.4 


15000 


23.8 


25,6 


20000 


32.2 


34.0 


25000 


40.0 


43.2 


30000 


48.6 


53.0 


35000 


58,2 


62.4 


Modulus of Elasticity 


4,430,000i|f 


3,980,000^ 


Compressive Strength 


8700i|f 


8030^ 



Respectfully submitted, 
David R. Mitchell 
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APPENDIX H 



N 




Tunnel 
Advance 



Sta 9+30 



Sta 9+13 




Test 1 




Test 2 



OC-1 
Plunge 11° NE 



Orientation of 
plane of measure- 
ment for tests in 
OC-1 




Test 3 
Test 4 
OC-2 

Orientation of Plunge 11° SE 
plane of measure- 
ment for tests in 
OC-2 



Sandstone bed dips 16° E 




1 in. = 10 ft 


Roger J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary- 
Tunnel 
Hartford, CT 


PLAN OF 
OVERCORE BORINGS 


x+X GBOTECHNICAL ENGINEERS INC. 


vL/ WINCHESTER • MASSACHUSETTS 


Project 77382 


August 1980 Fig. H-l 



c 

•H 

CD 
CP 

c 



100 



Approximate 
Measuring 
Point 




Vertical 



ft, 



III 



Orientation of 
gage when looking 
SW. Borehole 
, axis strikes S45W 4 
plunges 11° NE. 



Change in readings 
probably due to 
rotation of instru- 
ment cable 



R 2 = 150 



R 3 = 100 



Axis II 



Axis III 



0 4 H 12 16 20 

Depth of Over coring, in. 
Measuring point is 14 ft 4 in. from tunnel wall along the borehole. 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



DATA FROM STRAIN 
MEASUREMENTS 
Hole No. OC-1, Test 1 



August 1980 



Fig. H-2 



200 




8 12 
Depth of Overcoming, in. 



Measuring point is 21 ft from tunnel wall along the borehole. 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77382 



DATA FROM STRAIN 
MEASUREMENTS 

Hole No. OC-1, Test 2 



August 1980 



Fig . 



H-3 




8 12 
Depth of Overcoring, in. 

Measuring point is 23 ft 1 in. from tunnel wall along the borehole. 



Roger J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77302 



DATA FROM STRAIN 
MEASUREMENTS 

Hole No. OC-2, Test 2 



.August 1980 Fig. H-4 
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4700 4600 45Q0 4400 4300 

Diametral Deformation, R, Indicator Units 

Sample O.D = 5.97 inches 

Ex Hole I.D. = 1.50 inches 

Length of Core = 13 1 * inches 

Depth of Measurinq Point = 14ft, 4 inches 



4200 



Roqer J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Vfinchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77.382 



BIAXIAL TEST RESULTS 

Hole No. OC-1 Test No. 1 
Axis I 



August 1980 



Fiq. H-5 




Diametral Deformation, R, Indicator Units 

Sample 0. D =5.97 inches 

Ex Hole I.D. = 1.50 inches 

Length of Core = 13*« inches 

Depth of Measuring Point = 14 ft, 4 inches 



Roqtir J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


BIAXIAL TEST RESULTS 
Hole No. OC-1 Test No. 1 
Axis II 


neotechnical Engineers Inc. 
Winchester , Massachusetts 


Proiect 773R2 


August 1980 Fiq.H-6 
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3100 



3000 



2900 



2800 



2700 



2600 



Diametral Deformation, R, Indicator Units 

Sample o. D =5.97 inches 

Ex Hole I.D. = 1.50 inches 

Length of Core = 13fj inches 

Depth of Measuring Point = 14 ft, 4 inches 



Roqer J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


BIAXIAL TEST RESULTS 
Hole NO. OC-1 Test No. I 
Axis III 


Geotechnica] Engineers Inc. 
Winchester , Massachusetts 


Project 773R2 


August 1980 riq. H-7 
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100 0 -100 -200 -300 

Diametral Deformation, R, Indicator Units 

Sample O. D = 5.97 inches 

Ex Hole I.D. = 1.50 inches 

Length of Core = 13 inches 

Depth of Measuring Point =21 ft, 0 inches 



-400 



Roqer J. Au 6 Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77302 



BIAXIAL TEST RESULTS 
Hole No. OC-1 Test No. 2 
Axis I 



August 1980 



Fiq. H _8 




-1200 -1300 -1400 -1500 -1600 -1700 



Diametral Deformation, R, Indicator Units 

Sample 0. D = 5.97 inches 

Ex Hole I.D. =1.50 inches 

Length of Core = 13 inches 

Depth of Measuring Point = 21 ft, 0 inches 



Roqer J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


BIAXIAL TEST RESULTS 
Hole No. OC-1 Test No. 2 
Axis II 


Geotechnical Engineers Inc. 
1 Winchester, Massachusetts 


Proiect 77382 


•August 1980 Fig. H-9 
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Diametral Deformation, R, Indicator Units 

Sample O. D = 5.97 inches 

Ex Hole I.D. = 1.50 inches 

Length of Core = 13 inches 

Depth of Measuring Point = 21 ft, 0 inches 



Roqer J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



Project 77 3fi2 



BIAXIAL TEST RESULTS 
Hole No. OC-1 Test No. 2 
Axis III 



August 1980 



Piq. Ef~10 



1,000 




Diametral Deformation, R, Indicator Units 

Sample O. D =5.97 inches 
Ex Hole I.D. = 1.50 inches 
Length of Core = 11 inches 

Depth of Measuring Point = 23 ft, 11 inches 



Roqer J. Au & Son, Inc. 
Mansfield, Ohio 


Park River Auxiliary 
Tunnel 
Hartford, CT 


BIAXIAL TEST RESULTS 
Nolo No. OC-2 Test No. 2 
Axis I 


Geotechnical Engineers Inc. 
Wi ncliostor , Ma s s act) use t ta 


I'rojt'cU 771H2 


August 1980 Fiq.VH-ir 
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6500 6400 6300 6200 6100 6000 

Diametral Deformation, R, Indicator Units 

Sample O.D =5.97 inches 
Ex Hole I.D. = 1.50 inches 
Lenqth of Core = 11 inches 

Depth of Measuring Point = 23 ft, 11 inches 



Roqer J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester , Massachusetts 



Park River Auxiliary 
Tunnel 
: Hartford, _CT 



•rojeet 773H2 



BIAXIAL TE.ST RESULTS 
Hole No. OC-2 Test No. 2 
Axis II 



August 1980 
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4800 



4700 



4600 



4500 



4400 



4300 



Diametral Deformation, R, Indicator Units 



Sample O.D =5.97 inches 
Ex Hole I.D. = 1.50 inches 
Length of Core = H inches 

Depth of Measuring Point = 23 ft, 11 inches 



Roqer J. Au & Son, Inc. 
Mansfield, Ohio 



Geotechnical Engineers Inc. 
Winchester, Massachusetts 



Park River Auxiliary 
Tunnel 
Hartford, CT 



,'ro.ject 773A2 



BIAXIAL TEST RESULTS 
Hole NO. OC-2 Test Ho . 2 
Axis in 



August 1980 



Fiq. H-13 



PHOTOGRAPHIC GEOLOGIC DOCUMENTATION 
EXAMPLES 



APPENDIX -I 



PHOTO 1-1 Gray shale, fractured, with fines 

present on the brecciated surfaces. 
Photo obtained at Station 96+01, 
near the fault zone encountered at 
Station 96+65. 




PHOTO 1-2 Calcite-healed breccia in contact 
with gray sandstone. Two parallel 
calcite-healed joint sets appear 
within the gray sandstone. Photo 
obtained at Station 91+32. 



PHOTO 1-3 Interbedded sandstone in contact with 
red shale. Cross-bedded jointing is 
exhibited within the interbedded sand- 
stone. Photo obtained at Station 38+72. 




PHOTO 1- 4 Interbedded sandstone/gray shale in 

contact with gray shale. The third and 
fifth water nozzles are spraying water 
and there is a streak on the glass 
between camera and exposed bedrock to the 
left of center on the photo. Photo ob- 
tained at Station 65+66. 



PHOTO 1-5 



Maroon shale with calcite stringers 
parallel to bedding. Photo obtained 
at Station 62+01. 




PHOTO 1-6 Red sandstone or red shale. Dark spots 
are accumulated dirt on the glass sep- 
arating camera and tunnel wall. Photo 
obtained at Station 53+43. 



PHOTO 1-7 Gray sedimentary rock (shale or sandstone) 
with darker interbeds, probably gray shale. 
The glass separating the camera and tunnel 
wall appears to have condensation on it. 
Photo obtained at Station 21+66. 




PHOTO 1-8 Gray bedrock where the geologic origin 

and lithological type cannot be visually 
identified. Calci te-healed stringers 
appear near vertical and somewhat 
parallel. Photo obtained at Station 
86+76. 



Red shale with closely spaced near- 
vertical striations due to gage cutter. 
Photo obtained at Station 23+36. 




Muck smeared against the tunnel wall. 
Several gage cutter striations appear 
to the left of the smeared material. 
Photo obtained at Station 45+06. 




PHOTO I -11 Red shale exhibiting overbreak. The 

dimensions of the overbreak are approxi- 
mately 18-in.-long, 9-in.-high, and 
perhaps 6-in.-deep. Photo obtained at 
Station 15+62. 




PHOTO 1- 12 Bed of sandstone in contact with red shale. 

The sandstone exhibits crossbedded jointing 
which has been calcite healed. The third 
and fifth water jets are washing the fines 
from the exposed bedrock surface revealing 
greater detail. Photo obtained from 
Station 72+44. 



The exposed bedrock appears interbedded. 
However, the glass between the camera and 
bedrock has been blurred by condensation 
preventing lithologic identification. 
Photo obtained at Station 19+69. 




PHOTO I - 1 j 

Top Con ta ct Set 1 4a Exposed bedrock in this series appears to be interbedded sandstone with some crossbedded jointing 
which has been calcite-healed. Exposures "$2 and 33 appear to be duplicates. Exposures and 35 appear to be over- 
lapped based upon the position of the calcite-healed crossbedded joint. 



Center ContactSet 1 4B A series of exposures of the protective door. The two brighter areas on each exposure are due 
to the reflection of the flashes off of the door. 



Lower Contact Sets IjtC Appears to be a progressive series of exposures obtained while the clay outside the door is 
gradually forcing the door open and eventually fracturing the glass between the camera and exposed bedrock. Series 
taken at fault zone near Station 96 + 60. 



APPENDIX B 
SUBSIDENCE SURVEY REPORT 




4 AUG 



mi 



Roger J. Au & Son, Inc. 
P.O. Box 1488 
Mansfield, Ohio 44901 
(419)529-3213 



August 13, 1981 



U.S. Army Corps of Engineers 

75 Laurel Street 

Hartford, Connecticut 06106 



Attention: Mr. Terry Wilford RE: Contract No. DACW33-77-C^0099 

Construction of Park River 
Local Protection Project 

Subject: Settlement Instrumentation Auxiliary Conduit - Part II 
Final Report Hartford, Connecticut 

HO-177 

Gentlemen : 

Enclosed herewith are three (3) copies of our Final Settlement 
Instrumentation Report, as per Section 13B Subsection 5.^ of 
the Contract Specifications. 



Sincerely, 




1 



JJD/clcs 

enclosures (3) cc: Mr. Chuck Au 

Mr. Roger Au 

Mr. F. Moehle 



GENERAL CONTRACTORS 



Sta. 


Elev. 


Description 


S-1 


23.80 


Cut on ledge at Northeast side of Church Spire, East 
of North Entrance to Spire, 
Previous Point #6 


S-2 


25.15 


Cut on ledge at Southwest corner of Church. 
Previous point #22 


S-3 


25.05 


Cut on ledge at Southeast corner of Church. JS'-f 
east of SouLheast entrance door. 
Previous point #17 


S-4 
S-5 

S-6 


25.36 


Cut on ledge at Northwest corner Good Shephard ("hutch. 
North and East of West Entrance to Church. 
Previous point #12 


36.25 


Top Northeast corner of plaque depicting high water 
mark of 1936 f 1 ood -1 ocated on Northeast corner State 
Department of Transportation, Building #17, Van Dyke 
Street . 


28.50 


Southwest corner cf bottom corner stone on Colt complex 
building at Northeast corner Van Dyke and Sequa;;sen 
Street. 


S-7 
S-8 


23.90 


Top of angle iron on colt complex building at East .side 
Scquassen Street, 112' Sout,h of S-6 and on same building, 
iust North of red entrance door and opposite fire hve'rant. 


25,12 


Top of concrete window sil] at Southwest corner C^nru-e t i cut 
Department of Transportation bui Idinyi, s;.;ne hui Uh'r.jx r.s f-5. 


S-9 
S •- 1 0 


22,26 


On ledc*c 1 '-Q 1 ' -4- "-hove ^ ^ p; y ri 1 V on K t . v ^ ^ ^ rovnr'T" t- <-r . i : r l 
bu j. Id ing U\?.s t of Scqu.'* risen Street: and V red end n le Avenue 

■f n f~ i"' t ^ (•(- 1 - t n n ("in 7 i > i 1 A i n o u* i f li h i' li 1^ r i f ■ l" y f* irl' r nrl; 1 f" 

1.M Lt. J. .>L ^ L iUl! L 1 ( I 1JU 1 i U J, 1 1 ViiLlI J ' j ». 1 1 U J. J_ Tv o L rK 1 , ij>Ul ALU 1.. » J L • 


22.23 


On led -40 1'-?" r.ht>vt .<■■ icU ^ t ;t Nor tl-wes l c.raef of 
i : ,;;:;.e building as S-9. 


28,46 


'Top North edge of ledge of East foundation supporting 
marble piller in front of Colt Ko^.orial Parish. 


S-1 2 




28,46 


Top North erige of l«.dgc of 'vest f cum da t ion »•;.]: porting 



"arble pill er in front of Col t. !\-:iC>r-j nl Par 5 sh . 



Sta. 


Elev. 


Description 


S-13 


22.39 


* 

Top Northwest corner brick window sill on North side 
abandoned car wash at corner Wyllys and Union, window 
farthest west. By centerline Sta. 30+00 


S-14 


35.57 


Top first floor ledge at Southwest corner Stanadyne/ 
Capewell Division Executive office Building. East side 
Governor Street approximately centerline Sta. 35+00, 


S-15 


70.16 


Top ledge Northwest corner foundation of brick 
building behind St. Peters Church - 25' Lt. + 
centerline Sta. 40+25+. 


S-16 


60.95 


Top of top foundation stone at Southeast corner #171 
Main Street at approximately 45+00. 


S-17 


59.98 


Top corner second brick above concrete foundation at 
Southeast corner of operating laundry - 380 Hudson 
Street - near centerline Sta. 50+00. 


S-18 


72.64 


Top East corner brick window sill on North side #12 
Wadsworth Street, window farthest East. Near centerline 
Sta. 55+00. 


S-19 


82. 11 


Top first brick (vertical) above concrete foundation at 
Southeast corner building at Northeast corner Park & 
Washington (Nemrow) near centerline Sta. 60+00. 


S-20 


82.66 


Top concrete at Southwest corner entrance to C.B.T. Co. on 
Northwest corner Washington and Park, by square marble 
column. Near centerline Sta. 65+00. 


S-21 


71.77 


Top concrete ledge East of entrance to U.S. Post Office, 
l"ust north of flag pole near centerline Sta. 70+00. 


S-22 


69.21 


Top stone foundation at Southeast coVner fr598 Park - 
near centerline Sta. 75+00. 


S-23 


77.99 


Top stone ledge 2' West of Southeast corner building 
at 712 Park Street, near centerline Sta. 80+00. 


S-24 


90.79 


Top Southvest corner of corner stone at Southwest corner 
of Sainte Anne Church at Northeast^corner Putnam mid ?.;rk , 
near centerline Sta. 85+00. 


S-25 


92.09 


Southwest corner first stop to iisc #896- "898 on 
North side Park Street near centerline Sta. 
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